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Abstract 
 
The water issues around the world have been focused on water body contamination. On 
the other hand, it is attractive and meaningful to recover useful chemicals from wastewater or 
seawater for reutilization and to save treatment cost. There are already several methods that 
have been applied in wastewater treatment and resource recovery, including precipitation, 
coagulation, biological method, air stripping, adsorption and so on. Adsorption process is a 
good means for easing environmental pollution and resource shortage at the same time, while 
development of high-efficiency adsorbent is essential for the real application. In this 
dissertation, functional adsorbent materials based on modified zeolite or metal 
hexacyanoferrate (MHCF) were synthesized and their applications for pollution control and 
element recovery in wastewater / seawater were studied. The dissertation is divided into 5 
parts. 
In chapter 1, the currently existing problems concerning water contamination were 
introduced and several treatment methods have been compared. Specifically, literatures on 
synthesis and properties of zeolite/MHCF adsorbents, treatment methods used in nutrients 
containing wastewater and the examples of decontamination / metal recovery from seawater 
were reviewed to reflect the advantages of applying zeolite / MHCF adsorbents in the given 
systems. 
In chapter 2, attention was paid to the excess nutrients containing wastewater. High 
concentrations of ammonium and phosphate may not only cause eutrophication once being 
flushed into natural water bodies, but also inhibit the biogas production efficiency at a high 
ammonium concentration. The bead-like zeolite-chitosan-FeCl3 (ZCFe) adsorbent was 
prepared by simply dropping the mixing solution of zeolite, chitosan and FeCl3 to a NaOH 
solution. Adsorption experiments were carried out in NH4
+ / PO4
3- mixed solutions with a N:P 
mass ratio of 4:1 to simulate the anaerobic digestion liquid. The maximum adsorption 
capacity calculated from Langmuir model was 7.7 mg-P·g-1 (0.248 mmol·g-1) and 25.1 mg-
N·g-1 (1.39 mmol·g-1) when the initial phosphate and ammonium concentration were 25-300 
mg-P·g-1 and 100-1200 mg-N·g-1, respectively. In addition, the adsorbents after adsorption 
can be reused to adsorb NH4
+ and PO4
3- after the treatment with 0.025 mol·L-1 HCl. 
In chapter 3, the decontamination of radioisotope and nutrient substance by cobalt 
hexacyanoferrate (CoHCF) adsorbent was examined for monovalent cations Cs+ and NH4
+ 
adsorption. CoHCF is a kind of Prussian blue analogues (PBA) with a chemical composition 
of AyCo[Fe(CN)6]1-x·zH2O, (A=Na and K, M= Fe, Co, Ni, Cu and Zn, x:vacancy ratio). 
CoHCF has been proven to be effective for Cs+ and NH4
+ adsorption, while it is still unclear 
how to increase the adsorption amount for each adsorbate. Therefore, in this study, the 
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adsorption behaviour of Cs+ and NH4
+ was investigated by varying the composition of 
CoHCF to shed light on choosing suitable adsorbents. CoHCF with a vacancy ratio ranging 
from 0.014 to 0.47 was synthesized by mixing the reactants Na4[Fe(CN)6]·10H2O and 
CoCl2·6H2O with a flow method. The adsorption amounts of Cs
+ and NH4
+ were tested in 
batch mode and it was exhibited that NH4
+ adsorption onto CoHCF was advantageous for 
CoHCF with higher Na content, with the highest adsorption amount of 53.12 mg-N·g-1 (2.95 
mmol·g-1). However, the adsorption trend of Cs+ was opposite to that of NH4
+ with the 
highest Cs+ adsorption amount of 268.32 mg-Cs·g-1 (2.02 mmol·g-1). The principles of 
selecting adsorbents for Cs+ and NH4
+ adsorption can be interpreted as follows: CoHCF with 
higher vacancy ratio is suitable for adsorption of larger cations such as Cs+, while it is 
beneficial to use CoHCF of more condensed lattice but higher Na content for adsorption of 
smaller cations such as NH4
+. 
In chapter 4, the recovery of potassium from seawater was realized by CoHCF thin film 
coated electrode with a natural adsorption and an electrochemical desorption / regeneration 
process. K+ is an essential element for life with increasing demand by industry and it is 
attractive to recover K+ from seawater considering its huge K+ stock. Batch adsorption 
experiments showed that the powder-form CoHCF-0.67 had a good K+ adsorption amount of  
282.30 mg-K·g-1 (7.22 mmol·g-1) from 10 mmol·L-1 KCl solution, far beyond the adsorption 
amount of CuHCF-0.67, NiHCF-0.67 and FeHCF-0.67. K+ adsorption from seawater by 
CoHCF was verified to be a fast process reaching equilibrium within 20 min. It was proved 
that the K+ recovery system can work for at least 4 cycles without serious loss of K+ 
adsorption ability by desorption / regeneration using the electrochemical method. 
In chapter 5, conclusions were drawn for the whole study and future researches were 
prospected for the fulfill of applying this study in real cases. 
This study offered an opportunity to realize wastewater decontamination and resource 
recovery at the same time using adsorption method. Nutrient components (NH4
+ and PO4
3-), 
radioisotope Cs+ and life essential element K+ can be removed or recovered from wastewaters 
/ seawater with a perfect efficiency using the modified zeolite or MHCF adsorbent. The 
development and application of the new adsorbents would not only lower the wastewater 
treatment difficulty but also realize reutilization of the adsorbed substances. 
Keywords: zeolite; metal hexacyanoferrate (MHCF); nutrients; adsorption mechanism; 
seawater 
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Chapter 1 Introduction 
 
1.1. Environmental problems and solutions 
1.1.1 Wastewater issue and resources recovery 
With the development of industry and population, environmental problems especially in 
related with water body have been more and more severe. It is urgent to bring out solutions 
for the water contamination problems considering the sustainable existence and development 
of the whole human society. 
Concerning the water body contamination and wastewater issues, several topics are 
receiving high attention:  
First, the high salinity in pharmaceutical waters will destruct the ecosystem of the 
accepting water body once disposed directly (Sirtori et al., 2009). Also, the recent accidents 
related with nuclear plants raised the discussion again about the safety of this new energy 
source (Parajuli et al., 2016a). On the other hand, it should not be overlooked of treating the 
already polluted waters and soils. Finally, in concern of the nutrient element ammonium and 
phosphate, disposal of the nutrient-rich wastewater will cause eutrophication and threaten the 
aquatic life (Broetto et al., 2017). Excess ammonium is also the main factor of causing the 
failure of Anaerobic Digestion, a process of decreasing the solid waste volume and producing 
biogas at the same time (Velsen et al., 1979). 
On the contrary, the resource contained in wastewater can be recovered and reused. For 
example, it is already used as supplementary of fertilizer production to recover ammonium 
and phosphate from nutrient rich wastewater or anaerobic digestion liquid (Wang et al., 2016). 
Potassium, as an essential element for plant, can also be recovered from salty water such as 
pharmaceutical or marine water (Hou et al., 2013). Radionuclides such as cesium or uranium, 
can be removed from contaminated seawater to get avoid of its persistent influence on marine 
system and retrieved as reagent for treating tumors or being re-applied in nuclear power plant 
(Wernicke et al., 2016; Kim et al, 2013).  
In response to the wastewater decontamination, a lot of methods have been intensively 
studied including precipitation, coagulation, biological method, air stripping and adsorption. 
Comparison will be made between the different methods with their pros and cons.  
1.1.2 Comparison of different decontamination methods 
The precipitation method has the benefit of convenient operation, but it usually requires 
additional dosage of precipitants which increases the operation cost and brings about second 
contamination (Darwish et al., 2016). The coagulation method is efficient in pretreatment 
before sediment and filtration, but the necessity of dosing coagulants such including Al3+ or 
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Fe3+ would be hazardous for the water ecosystem (Zhao et al., 2011). The biological method 
is low cost and leads to high quality effluent, but the large amount of sludge production is a 
big problem (Carrera et al., 2003). Air stripping method has a good removal efficiency for 
NH4
+, but the intensive energy input limits its application (Liu et al., 2015). Adsorption 
method is widely used for removal of heavy metals and nutrient elements with recycling and 
regeneration ability, but the separation of adsorbent and solution as well as the selectivity of 
adsorbents still need to be improved for the large-scale application (Zhao et al., 2013). 
Since adsorption has been widely used for water decontamination, the development of 
suitable adsorbent is important for the target contaminants. The high adsorption capacity of 
adsorbent was crucial which is usually a benefit of porous materials such as zeolite or metal 
hexacyanoferrate (Casadellà et al., 2016; Asai et al., 2018a). Second, in a complicated matric 
with excessive coexisting ions which might compete for the objective ion adsorption, the 
selective removal ability of adsorbent will be decisive of a good adsorbent (Parajuli,et al., 
2016d). Third, the separation method of adsorbent and water after treatment should be easy 
enough considering the operation efficiency and effluent quality. 
According to the given system, the conditions mentioned above should be satisfied or 
partially fulfilled to realize the goal of wastewater treatment and resource recover. Throughout 
the study, zeolite and MHCF were adopted as the adsorbent for pollutants elimination or 
resource recovery. The reason for choosing the two candidates is mainly for their porous 
structure, leading to the high cation adsorption capacity. Furthermore, the methods of 
obtaining the two candidates are relatively easy, either naturally existing in geological regions 
or able to be obtained through precipitation of two reagents. No complicated fabrication 
process should be indispensable for the two candidate adsorbents before they can be applied 
in the wastewater treatment or resource recovery. The composition and structure of adsorbent 
material are closely related to the adsorption ability of adsorbents, making it important to 
unveil the adsorption mechanism. 
1.2 Zeolite 
1.2.1 Zeolite structure 
All the zeolite can be divided into two categories: natural zeolite and synthetic zeolite. 
The former one generally includes clinoptilolite, mordenite, phillipsite, chabazite, stilbite, 
analcime etc (Wang and Peng, 2010). All the zeolites can be described with the following 
formula: Mx/n[AlxSiyO2(x+y)]·pH2O. And from the viewing of microstructure, both natural and 
artificially synthesized zeolite are porous aluminosilicate crystal with water framework 
structure (Delkash et al., 2015). The aluminosilicate structure is a 3-dimension tetrahedron 
frame, which accounts for about 80% of the total minerals.  Each silicon oxide tetrahedron is 
connected by oxygen atoms, and surrounded by four oxygen atoms ([SiO4]
4- or [AlO4]
4-), 
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making up of the primary zeolite skeleton. And the water molecules in the structure are in 
voids of large cavities and bonded between framework ions and exchangeable ions via 
aqueous bridges. The M in the zeolite structure stands for the cations which can compensate 
for the surplus positive charges due to the substitution of Si4+ by Al3+ of the zeolite, in which 
M is alkali metal (such as Na+, K+, Li+) and alkaline earth metal (such as Ca, Mg, Ba, Sr) 
(Malamis and Katsou, 2013). 
1.2.2 Zeolite properties 
Typically, there are three main properties for the zeolite, including physical adsorption, 
ion exchange and ion catalysis abilities. 
There is a mount of channels and cavities in the zeolite, so it has high surface area. 
Considering the high electrostatic attraction from its frame structure, it shows high stressing 
field. Once there is an absence among the cavities, the zeolite can exhibit excellent adsorption 
ability, including both high selectivity and efficiency (Humelnicu et al., 2017). The more 
polarized substance, the easier it can be adsorbed by the zeolite (Garshasbi et al., 2017).  
The integration degree between the alkali or alkaline earth metal and crystal skeleton is 
not close, so it will be easy for the zeolite to carry out reversible ion exchange. After 
exchanging, the inner electrostatic and surface area changed, instead of lattice variation (Clark 
and Snurr, 1999). In different zeolite minerals, the ratio of silicon to aluminum varies, which 
leads the difference of ion exchange property (Mortier, 1978). Meanwhile, pressure, 
temperature, pH and ion concentration determine the property of zeolite (Ćurković et al., 
1997).  
Because of the high surface for the zeolite, part of the charge density on the molecular 
structure is high. In this way, there are some acidity activity sites on the whole structure, 
serving as efficient solid catalysts and carriers for positive carbon ion reaction (Benesi, 1967).  
During the reaction, the reactants are attached on the holes in the zeolite molecular adhesively, 
and the products can be spread into the low concentration places through the channel (Sultana 
and Fujitani, 2017). Also, the same as ion exchange, the lattice for the zeolite will not be 
destroyed. In research, rare metals are always introduced into the zeolite to enhance the 
catalyzing activity (He et al., 2017). 
1.2.3 Synthesis and modification 
Usually, researchers take advantage of acid/base treatment, templating with surfactant 
and hydrothermal preparation to modify zeolite. However, no matter which method is used 
during the research, the objective of the modification is to enhance the properties of the 
zeolite (Tao et al., 2006). 
After immersed into acid or ammonium solution, some functional groups of the zeolite 
will exchange with the cations. The difference between these two categories is that the latter 
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one can maintain the main frame structure of the zeolite during the treatment. In sum, acid 
treatment can increase the Si/Al ratio, which exhibit higher ability for non-polar molecule 
adsorbing. Sometimes, BET results show that although base treatment increased the surface 
area a little, lower than that by acid treatment obviously, proved by the morphology 
characterization. 
Recent years, lots of researchers have carried out experiments for pollutants adsorption 
by natural zeolite with surfactants modification. Because of the cations from the surfactant, 
the negative charge from the untreated zeolite frame was eliminated. In this way, some kinds 
of negative pollutants could be attached on the modified zeolite from the wastewater. The 
total property is influenced by the degree of surfactant grafting (Bowman, 2003).  
Just as the surfactant grafting, hydrothermal treatment for zeolite modification attracted 
attention, which could affect its structure and property. Typically, SEM image illustrates that 
the treated zeolite with thermal hearting is rougher than the natural one, which has regular 
edges. Also, the number of the pores for the treated sample is higher than that of the original 
one, owing to the hydrothermal reaction (Salman et al., 2006). 
1.2.4 Adsorption mechanism by zeolite 
The adsorption category by zeolite adsorbent can be divided into physical and chemical 
adsorption, taking advantage of typical adsorption and ion exchange, respectively. The former 
one is owing to the reversible Van der Waals force without any chemical reaction, which is a 
very fast process. When the Van der Waals force between the pollutant and cavities on the 
adsorbent surface is greater than that among the pollutant molecules inside, the pollutant is 
adsorbed by the zeolite. However, if the force is great enough, these molecules adsorbed on 
the surface of zeolite adsorbent will also break away from the solid surface and enter into the 
system due to molecular itself movement. So, an established equilibrium is achieved between 
these two pathways at the same time. And this kind of adsorption with a very limited ability 
usually occurs in the region of the solid surface with a diameter of several molecular (Göltl et 
al., 2012). 
For the chemical adsorption, through the reaction in the channels and cavities, zeolite 
exhibits great adsorption performance. Compared with the physical adsorption, the chemical 
bonding force is much higher, which is irreversible and strong selective. In this way, the 
adsorption capacity for the chemical one is also high.  This process needs a certain activation 
energy, and with the temperature increasing, the adsorption ability can be enhanced obviously. 
However, under the same condition, the rate of chemical adsorption (or desorption) is slower 
than that of the physical one. In fact, accompanying the chemical process, physical adsorption 
is also carried out. Therefore, the chemical adsorption characteristics of zeolite adsorbents are 
always utilized in industry (Zhang et al., 2016).  
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1.3 Metal hexacyanoferrate (MHCF) 
Metal hexacyanoferrate (MHCF) compounds, also called as Prussian Blue Analogs 
(PBAs), are a group of materials with the chemical composition of AyM[Fe(CN)6]1-x·zH2O, in 
which A represents cations such as Na+ and K+, whereas M and M’ represents transition 
metals like Fe, Co, Ni, Cu and Zn (De Tacconi et al., 2003).  
1.3.1 Structure and properties of MHCF 
The crystal structure of MHCF is composed of the following components: the lattice 
made up of Fe-C-N-M’ and the interstitial sites inside the lattice (Figure 1-1).  The defect of 
MHCF crystals is caused by less [Fe(CN)6]
4- ligands in the MHCF structure, meaning the 
ratio of M:[Fe(CN)6] is more than 1 in the formula of AyM[Fe(CN)6]1-x·zH2O, where x stands 
for the vacancy ratio. In the formula of MHCF AyM[Fe(CN)6]1-x·zH2O, the cation A existed 
to satisfy the electrical neutrality of the MHCF. Besides the cations that locate in the 
interstitial sites, H2O molecules also exist in the MHCF lattice in free or coordination form 
(Takahashi et al., 2018). As we know, the properties of PBA with a chemical composition of 
AyM[Fe(CN)6]1-x·zH2O will alter significantly with different alkaline cations (A), transition 
metals (M) and water.  
In the perspective of alkaline cations, Matsuda et al.’s study showed the exchange of 
alkaline cation in CoHCF from Na+ to K+ will cause the crystal structure to distort from cubic 
to rhombohedral (Matsuda et al., 2010). In another work, they also found that by eliminating 
Na+ from NaCoHCF, the namely hope doping method will cause a rhombohedral-cubic 
distortion (Moritomo et al., 2009). Recently the highly crystalized low vacancy PBA such as 
CoHCF and NiMnHCF have been synthesized (Chen et al., 2016; Wu et al., 2016). The 
highly perfect crystal of CoHCF and NiMnHCF possess high capacity of cation storage ability, 
making it possible in the application of ion battery electrode material. Finally, it is believed 
that the removal or existence of interstitial water plays an essential role in MHCF’s structure 
(Song et al., 2015). These studies showed alkaline cations (A), transition metal (M) and H2O 
have an effect on determining the materials structure and cation storage ability. In the past 
studies by several researchers, the mechanism of high selectivity of MHCF for monovalent 
ions have been carefully discussed. For example, the similar size between adsorbate ions and 
adsorbent internal lattice can be responsible for higher Cs+ selectivity (Y. Liu et al., 2018). In 
another study, it is reported that higher Cs+ selectivity was related with the crystal structure 
transformation when H+ and Cs+ exist in the solution (Celestian et al., 2008). Ishizaki et al. 
suggested that the high Cs+ selectivity by MHCF is related with the hydrophilic lattice defect 
sites and the adsorption of Cs+ lead to proton loss from coordinated water (Ishizaki et al., 
2013).  
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Variety of transition metal also has critical influence on properties of MHCF. MHCF 
with 8 kinds of transition metal (M = CdII, MnII, FeII, CoII, ZnII, NiII, FeIII) was studied for 
their easiness of electrochemical ion exchange with adsorbates of different hydration energy. 
It was found that the adsorbates with higher hydration energy was easier to be exchanged by 
MHCF of the same transition metal (Mn+). Also, the MHCF of larger pore size (e.g. CdHCF) 
was less affected by the change of adsorbates’ hydration energy compared with smaller pore 
size ones (e.g. CuHCF) (Asai et al., 2018b).  
1.3.2 Synthesis of MHCF 
The synthesis methods of MHCF include the direct mixing of transition metal ions and 
hexacyanoferrate ligands. Due to the low solubility of MHCF, MHCF in bulk form can be 
obtained conveniently. In order to obtain MHCF nanoparticles with controlled size, a Y-type 
micro-mixer was used at adjustable flow rate of raw material solution. Results showed that the 
size of nanoparticles decreased with increasing flow rate and the smallest particle with 11 nm 
was obtained at 100 mL min-1 of raw material (Takahashi et al., 2015). Apart from using a 
micro-mixer, size-control was also realized by introduction of protecting polymer such as 
Poly(vinylpyrrolidone) (PVV). Results showed that with the PVV protection at the PB 
nucleation and growth processes, highly dispersible PB with smaller particle size (10-20 nm) 
of narrow size distribution can be obtained (Uemura and Kitagawa, 2003).  Except from the 
size control, MHCF of different shape can be synthesized on purpose. For instance, one-
dimensional Prussian Blue (PB) nanotubes was obtained with the assistance of porous 
alumina template(Johansson et al., 2005). A two-dimensional NiHCF network can be 
synthesized using the pentacyanoferrate complex and Ni2+. The network can be further 
transferred into lamellar films by the Langmuir-Blodgett (LB) technique (Culp et al., 2002). 
On the other hand, the single-crystalline CoHCF hollow structures was synthesized with a 
self-templated epitaxial growth strategy. The derived oxide products was reported to have an 
enhanced performance as the electrocatalyst of oxygen evolution reaction due to the preserved 
structures (Nai et al., 2018). The hydrothermal method was also utilized for obtaining 
uniform-sized PB hollow particles (Hu et al., 2012).  
Apart from the solution-based synthesis, electrochemical synthesis was also used in 
MHCF synthesis. Commonly, electrochemical synthesis of MHCF involves the potentio-
dynamic cycling in supporting electrolyte containing metal ions (Mn+) and hexacyanoferrate 
species (de Tacconi et al., 2003). Siperko et al. studied the electrochemical synthesis of 
CuHCF films on glassy carbon and tin oxide electrodes using cyclic voltammetry method 
(Siperko, 1983). Ventura et al. made thin layer films of copper hexacyanoferrate (CuHCF) 
with electrodeposition method. In a typical electrodeposition process, two processes were 
involved: first, electrodeposition of Cu thin layer; second, partial dissolution of Cu and the 
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combination of Cu2+ and hexacyanoferrate anions. It was found that with lower 
electrodeposition potentials and longer processing times, PB impurities will be present in the 
CuHCF films (Ventura et al., 2018). 
1.3.3 Applications of MHCF 
(1) Direct adsorption of aqueous monovalent ions 
MHCF has been proved to have selectivity for monovalent ions adsorption, such as NH4
+ 
and Cs+. High selectivity means that the co-existence of other competing ions (Na+, K+ etc), 
even with a high concentration, will have only a little influence on the object cation 
adsorption capacity.  
For example, in Hirotaka et al.’s study, in a solution where the molar concentration of K+ 
was more than 50,000 times that of Cs+, the Cs+ equilibrium adsorption amount by Prussian 
blue was only reduced approximately one-half of that in the absence of K+.  
Also, Kim et al. proved that in the presence of 0.01 mol·L-1 Mg2+, Ca2+, Na+ or K+, the 
Cs+ removal efficiency (1 ppm Cs) by KCuHCF still remained above 96%. In this study, the 
excellent Cs+ adsorption selectivity was proposed to be a related with adsorbent lattice size. 
On the other hand, PBA for NH4
+ removal is much less studied compared with Cs+ removal 
and is receiving more and more attention nowadays (Kim et al., 2018). NH4
+ removal and 
recovery usually faced the problem of high competing ions for the reason that the application 
area often contains chemical fertilizer or biomass matrics, making selectivity for NH4
+ an 
extremely important factor when choosing the adsorbent (Zhu et al., 2012). Therefore, PBA 
might be a good selection for NH4
+ adsorption.  
In Parajuli et al.’s paper, copper hexacyanoferrate (CuHCF) was firstly studied to uptake 
NH4
+ and NH3 simultaneously with selectivity for ammonium in the presence of high K
+ 
concentration (Parajuli et al., 2016b). A potassium-ammonium ion exchange mechanism was 
suggested behind the selective adsorption of ammonium.  
In Jiang et al.’s research, NH4+ adsorption by NaCoHCF was carried out in saline water 
with a high Na+ concentration. Through fitting the adsorption isotherm with Markham-Benton 
model, the selectivity factor α was determined by calculating the ratio of equilibrium constant 
for NH4
+ to that for K+. A high α value of 96.2 indicated the high selectivity of NH4+ against 
Na+ (Jiang et al., 2018a).  
(2) Gas adsorbent 
Asai et al. researched the adsorption of trace alcohol with different alkyl chain length, 
from methanol to n-hexanol, by MnHCCo and CuHCCo. Adsorption amount at low pressure 
of 8.9 Pa was found to be much higher than previously studied adsorbents such as metal 
organic frameworks and zeolites. A dual-site Langmuir model was used for interpretation of 
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adsorption mechanism and two kinds of interaction (intra-particle and inter-particle) were 
responsible for the high adsorption capacity (Asai et al., 2018a). 
Jiang et al. investigated the NH3 gas adsorption capacity of CoHCCo. A large volume of 
NH3 adsorption by CoHCCo was found even at high temperatures with an adsorption amount 
of 2.1 mmol·g-1 at 250 ℃. The CoHCCo adsorbent was stable before and after adsorption, 
making it feasible to recycle the adsorbent using Temperature Swing Adsorption (TSA) 
method (Jiang et al., 2018b). 
Takahashi et al. studied the historical pigment Prussian blue for NH3 gas adsorption and 
emphasized the especially high adsorption capacity of PB (12.5 mmol·g-1) compared with that 
conventional NH3 gas adsorbent (5.08-11.3 mmol·g
-1). A two-site model was brought out for 
the NH3 adsorption, interstitial site and vacancy site. The CoHCCo and CuHCF adsorbent can 
be recycled through acid washing after NH3 adsorption, with the highest NH3 uptake 
capacities of the recyclable adsorbent up to now (Takahashi et al., 2016b).  
Thallapally et al. carried out research on the flue gas (composition: CO2, N2, SO2, NO, 
H2S and water) adsorption using the Prussian Blue analogues with a formula of 
M3[Co(CN)6]2·nH2O (M = Zn
II or CoII). The adsorption capacity of SO2 and H2S by 
Co3[Co(CN)6]2 was proved to be significant at low pressure of 0.1 bar with 10wt% and 
4.5wt% being adsorbed, respectively. Concerning the CO2 adsorption, the adsorbents could 
adsorb 20-30wt% at high pressures. It seems the adsorbents were attractive for high-efficiency 
CO2, SO2 and H2S removal from fuel gas (Thallapally et al., 2010). 
(3) Electroactive ion exchange material  
MHCF can have electrochemical reactions with additional potential because the 
electroactive center of MII/MIII or FeII/FeIII. Accompanied by the electroactive redox reaction, 
ion exchange between the alkaline cations in MHCF molecules and those in electrolyte will 
occur to keep the charge balance of MHCF. Making advantage of this property, MHCF can be 
applied in main three aspects: (i) ion recovery/removal; (ii) energy storage device; (iii) 
electrochemical ion sensors (Du et al., 2016). 
Concerning the ion recovery/removal application, toxic ions will be removed while 
valuable ions can be recovered with the electrochemically switched ion exchange (ESIX) 
(Figure 1-2). For example, Asai et al. studied the influence of ionic size of cations on the 
electrochemical ion exchange by CdHCF and CuHCF (Asai et al., 2018b). Chen et al. 
developed an electrochemical adsorption system for uptake/elution of Cs+ by switching the 
potential between anode and cathode with the CuHCF nanofilm deposited gold electrode. Cs+ 
can be selectively removed by the CuHCF nanofilm with a high distribution coefficient larger 
than 5×105 mL g-1 (Chen et al., 2013). Besides application of MHCF-coated electrode for 
ESIX, the inorganic nanostructured MHCF can be fixed with organic coordinate polymers to 
9 
 
from organic-inorganic hybrids (Lin and Cui et al., 2005). Li et al. obtained a NiHCF 
deposited on multiwalled carbon nanotubes grafted with poly(4-vinylpyridine) electrode and 
applied it in electrical adsorption of Cs+ at presence of concentrated Na+. Results showed that 
the Cs+ uptake amount was much higher for NiHCF/P4VP-g-MCNTs compared with the raw 
NiHCF. The enhancement of Cs+ adsorption ability could be the result of factors including 
increase electrical conductivity, higher density of active sites, less aggregation due to the 
P4VP’s protection (Li et al., 2012). Finally, not only cations can be removed through ESIX, 
but also anions can be simultaneously eliminated by complexing MHCF with suitable anion 
exchangers. For example, Liao used the Polypyrrole (PPy) and Nickle Hexacyanoferrate 
(NiHCF) films for the simultaneous separation of I- and Cs+ (Liao et al., 2015). 
As per the application of MHCF in supercapacitors, the MHCFs are widely used as the 
electrode material due to its large amounts of open channels and economical preparation 
method (Ma et al., 2017). Supercapacitors are devices which can store energy with a much 
improved specific capacitance compared with traditional capacitors (Zhang and Pan, 2015). 
The supercapacitors can be divided into two kinds: electric double layer capacitor and pseudo-
capacitors. The formal kind of supercapacitor relies on the electrostatic charge accumulated 
on both electrodes while the latter kind work with the Faradic chemical reactions of the 
electrodes during the charge/discharge process (Zhu et al., 2015). In Lu et al.’s study, a 
sodium-ion supercapacitor with MnHCF cathode and Fe3O4/rGO anode. The supercapacitor 
was proved to be efficient in energy storage with a voltage of 1.8V and a high power density 
of 2183.5 W·kg-1 (Lu et al., 2015). Zhao et al. proposed a sodium-ion supercapacitor with 
even higher working voltage of 2.4 V. The CoHCF prepared from facile coprecipitation 
method served as the anode and mRGO was used as cathode. An extremely excellent 
recyclability was detected for the supercapacitor that 93.5% of capacitance can be remained 
for 5000 cycles (Zhao et al., 2014).  
Finally, the electrochemical ion exchange properties of MHCF enable it to be used as ion 
sensors. The incorporation and loss of cations from a certain electrolyte make it possible for 
the quantitative analysis of cation concentration in the electrolyte (Koncki and Koncki, 2010). 
A potassium sensor was developed by Nguyen et al. by fabrication of PB electrode using 
electrochemical deposition method. The PB nanotube based nanoporous alumina membranes 
was detected to have a low detection limit of 2.0×10-8 mol·L-1 at pH 7. A wide linearity range 
of semi-logarithmic plot of up to 7 orders was detected for the PB nanotube electrode 
(Nguyen et al., 2009).   
(4) Electrochromic device  
During the electrical redox reaction of MHCF, together with the valence change of 
metals and cation intercalation/release, some color change will happen on MHCF. Different 
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color changing patterns corresponding to applied potential were reviewed by Tacconi et al. 
For example, from reduction to oxidation state, CuHCF will change from red-brown to yellow, 
InHCF will change from white to yellow while CoHCF will change from green to 
violet/magenta (de Tacconi et al., 2003). 
Making advantage of this property of MHCF, several electrochromic devices were 
configurated and applied in optical industry. Kholoud et al. prepared an electrochromic device 
which can switch between brown and bleached color by swinging the applied potential 
between +1.4 V and -0.4 V. The color-changing electrode was prepared by coating the water-
dispersible CoHCF nanoparticles on an indium tin oxide substrate. Mix valence of low spin 
CoIII/FeII and high spin CoII/FeIII were proved to be existing and be responsible for the brown 
color occurrence. The electrochromic device was presented to be with high colouration 
efficiency and applicable for real (Kholoud et al., 2017).  
1.4 Nutrients containing wastewater 
Nutrients containing wastewater is receiving high attention due to the potential of 
nutrient recovery and extraction from it for the reutilization in agriculture or industry. This 
part reviewed the related methods of nutrient recovery from wastewater and the possible 
application as fertilizer or in anaerobic digestion. 
1.4.1 Overview 
Accompanying with the increase of livestock consumption, huge amount of animal 
manure is produced, causing serious environmental problems without proper waste 
management. One problem related to animal manure is the nutrient pollution of water 
environment. Rainfalls flush the manure loaded soil and the runoff carrying high concentrated 
ammonium injects into water body, resulting in a serious of negative phenomena, for example, 
eutrophication, algae blooms, fish death, microcystins hazard and so on (Broetto et al., 2017; 
Schneider et al., 2016). Therefore, it is urgent to find an efficient method for nutrient removal 
from water body. Several methods have been established to reduce the ammonium and 
phosphate concentration in water, including precipitation, ion exchange, biological method 
and adsorption (Darwish et al., 2016; Ekama, 2015; Rittmann et al., 2011). Among these 
methods, adsorption has the advantage of easy operation, high efficiency and recyclability (Li 
et al., 2017). 
On the other hand, anaerobic digestion is a good way of decreasing waste mass and 
generating renewable energy. However, high ammonium concentration leads to low methane 
production in anaerobic digestion (Chen et al., 2008). Therefore, to develop an adsorbent for 
effective ammonium removal in high concentration will benefit both the purification of water 
environment and methane yield in anaerobic digestion. In this study, zeolite-based adsorbent 
will be adopted to prepare adsorbent for ammonium removal. Adsorption test will be carried 
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out to evaluate the capacity of adsorbent and influence of different factors and the adsorption 
mechanism will be explored. Biogas production and methane yield will be compared before 
and after ammonium adsorption to illustrate the mitigation of ammonium inhibition by the 
adsorbent. 
1.4.2 Methods for nutrient removal or recovery 
The main methods for nutrient removal include precipitation, coagulation, biological 
method, ion exchange, stripping, adsorption, etc.  
(1) Precipitation 
Chemical precipitation is a useful method to remove NH4
+ and PO4
3- by forming the 
Magnesium Ammonium Phosphate (MAP), according to the following Equation 1-1 (Darwish 
et al., 2016): 
     (1-1) 
The influence of microorganism activities in sludge by NH4
+-N and the ammonium 
removal pretreatment by magnesium ammonium phosphate (MAP) formation have been 
studied (Li and Zhao, 2001). In all six samples, one of synthetic waste water and five of dilute 
leachate, glucose was added in. All the experiments proved that the COD removal efficiency 
and dehydrogenase activity decreased with the increase of NH4
+-N concentration from 53 to 
800 mg·L-1. At the pH between 8.5 and 9.0 and a molar ratio of Mg2+: NH4
+: PO4
3- at 1:1:1, 
the ammonium was removed with the maximum efficiency. 
(2) Coagulation 
Coagulation is a widely accepted chemical technique for highly efficient phosphate 
removal.  
Red mud, a waste produced from aluminum industry, has been used to treat it in bauxite 
liquor into a novel composite inorganic coagulant for phosphate removal (Zhao et al., 2011). 
Results showed that when red mud/bauxite has a ratio of 35: 100, phosphate removal 
efficiency reached the maximum of 85%. Compared to conventional PACl coagulant, the new 
composite coagulant has higher phosphate removal efficiency and can reduce the phosphate to 
values lower than 0.02 mg·L-1, which is the limit value for eutrophic water. Heavy metals 
leaching test showed no hazardous impact of the coagulant. 
(3) Biological methods 
The biological method can be used for both ammonium and phosphate removal. 
For ammonium removal, it has been. established a two-step sludge system, first 
nitrifying and then denitrifying respectively (Carrera et al., 2003). After a 450 days’ 
experiment, the results revealed that the maximum nitrifying rate and the maximum 
denitrifying rate were two essential factors to affect the ammonium removal efficiency. 
Meanwhile, the best maximum nitrifying rate is 0.37 g ·vss-1·d-1 at the temperate of 25 ℃. 
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And ethanol is much more suitable to serve as the carbon source for denitrifying than the 
others. Especially, the denitrifying rate of the ethanol is 6 times higher than that of methanol. 
(4) Ion exchange 
For ammonium removal using ion exchange method, strong acid cation (SAC) and weak 
acid cation (WAC) were used to remove ammonium in packed bed columns and then the 
saturated resins were regenerated with NaCl or HCl (Thornton et al., 2007). The breakthrough 
capacity of SAC resin is 15.8 mg- NH4
+-N ·g-1 for ammonium removal from municipal 
wastewater. However, the SAC and WAC resins have more selective for hardness ions (Ca2+ 
and Mg2+) than ammonium. The ammonium breakthrough curves can be fitted well with 
Thomas and Adams-Bohart models to gain information of maximum exchange capacity of ion 
exchange materials. 
(5) Stripping 
Air stripping is a technology that can remove volatile components through mass transfer 
from the liquid to the gas phase (Liu et al., 2015). It is usually combined with acidic solution 
absorption and is widely-used in wastewater treatment method for ammonium removal and 
recovery. Liu et al. optimized the air stripping process for ammonia recovery from urine 
based on the parameters such as pH, air flow rate and temperature. Research showed that 
higher operating temperature, air flow rates and pH reduced the required operating time to 
reach the targeted ammonia removal percentage. Regarding the minimum unit operating cost, 
the optimized operation condition should be at pH 9.3, flow rate 14 L·min-1L-1, temperature 
323 K and operation time 2.2 h for achieving 80% ammonia removal. 
Chicken manure was pretreated before fermentation using hydrothermal treatment (HTT) 
combined with ammonia stripping followed by acid absorption (Huang et al., 2016). Results 
demonstrated that increase in both temperature and holding time was favorable for TAN 
release. Ammonia stripping was carried out with four HTT processed chick manure and the 
ammonia-N removal efficiencies were 95.4%-96.6%. The HCl solution absorption acquired 
more than 96% of the removed ammonia-N and proved that the circulating system had an 
efficient NH4
+-N entrapping capacity.  
1.4.3 Adsorption for nutrient removal/recovery 
(1) Ammonium adsorbent 
The ammonium adsorbent include zeolite, clay, nanomaterial, biomass, etc. 
Casadalle et al. used the clinoptilolite-based mix matrix membrane to recover potassium 
and ammonium from human urine. Both static and dynamic adsorption tests were carried out. 
In the dynamic adsorption tests, performance was measured at a constant pressure (0.5 bar) 
using a stirred dead-end filtration cell. Also, zeolite showed higher affinity toward K+ than 
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NH4
+ and the relative removal efficiency K+ and NH4
+ increased with higher initial 
concentration of both cations (Casadellà et al., 2016). 
Kanuma and Akadama clay, two common clays, were adopted for flower cultivation in 
Japan, as the substrate and prepare a kind of granular ceramic adsorbent (Zhao et al., 2013).. 
The ceramic adsorbent had good ability of treating high NH4
+ concentration wastewater and 
the adsorption capacity was 75.5 mg·g-1 when initial NH4
+ concentration was 10000 mg·g-1  
Wheat straw is a renewable and low-cost biomass material containing –OH, -CO3, -O- 
groups which is widely used for pollutants removal. Xie et al. studied the removal of 
ammonium using wheat straw modified with P(AA-co-AMPS), a kind of loosely cross-linked 
hydrophilic polymer applied in agriculture to help improve fertilizer and water retention. (Xie 
et al., 2013). 
It was studied of the capture of dissolved ammonia using a kind of nanomaterial called 
copper hexacyanoferrate (CuHCF) (Parajuli et al., 2016b). The prepared adsorbent showed 
fast adsorption kinetics and little impact of coexisting Na+. Up to 95% of the adsorbed NH4
+ 
can be recovered using 1 mol·L-1 KCl, revealing that the CuHCF is a recyclable adsorbent for 
ammonia removal. 
Ammonium was adsorved using the Zeolite-Pd membrane to treat ammonium contained 
wastewater. (Choi et al., 2016) PAN-Ze/Pd membrane was prepared through electrospinning 
method. Zeolite and palladium nanoparticles were uniformly distributed on the nanofibers and 
the former can adsorb ammonium while the latter can selective oxidize NH3 to N2 gas. 
All the NH4
+ adsorption ability of adsorbents can be found in Table 1-1. 
(2) Phosphate adsorbent 
Phosphate adsorbents include iron mineral, hydrotalcite, polymer-based adsorbent, etc. 
Iron oxides, including goethite, hematite, ferrihydrite, magnetite, etc., are widespread in 
nature and important for geological and biological processes. The laboratory synthesis of iron 
minerals is also possible, making it potential in application of anions (e.g. phosphate) removal 
from wastewater (Kumar et al., 2014).  
Chitrakar et al. studied the phosphate adsorption capacity of synthesis goethite and 
akaganeite. Results showed that phosphate removal rate was 100% at phosphate loadings of 
0.3 and 1.0 mg-P·L-1 on goethite, and at phosphate loading of 0.3 mg-P·L-1 on akaganeite. 
(Chitrakar et al., 2006). 
Hydrotalcite, also called layered double hydroxides (LDHs), is a kind of anionic clays 
consisting of a positive charged layered structure. The skeleton of LDHs is brucite structure 
with divalent cations (M2+) substituted by trivalent cations (M3+). The exchangeable anions in 
layers attribute LDHs adsorption ability for anions such as fluorion, sulfate, nitrate, phosphate 
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and so on (Theiss et al., 2014). Triantafyllidis et al. developed the Fe(III) modified LDH for 
phosphate removal. (Triantafyllidis et al., 2010). 
Metal ions, such as Zr(IV), Ce(III), La(III) etc., and metal oxide fine particles are 
reported to have great potential for removal of anionic pollutants like fluoride, nitrate and 
phosphate. These metal ions or metal oxide fine particles usually need to combine with 
polymer substrate to prevent leakage or promote reutilization. Common polymers include 
natural polymers (e.g. chitosan, tannin gel) and synthesized polymers (Hu et al., 2017; Ogata 
et al., 2011). 
Hu et al. studied the phosphate removal using Ce(III) impregnated crosslinked chitosan 
complex (Ce-CCS) (Hu et al., 2017). The maximum phosphate adsorption capacity of Ce-
CCS is 45.37 mg-P·g-1, revealing that the Ce-CCS composite is a potential adsorbent for P 
adsorption. Compared with 0.1 mol·L-1 NaCl and NaOH, desorption with 0.1 mol·L-1 HCl can 
reach a rate of 80% or so for adsorbent after usage.  
Pan et al. prepared adsorbent by loading nanoparticulate hydrated ferric oxide (HFO) on 
D-201, a kind of macroporous anion exchange resin (Pan et al., 2009). The hybrid adsorbent 
(HFO-201) has two types of adsorption sites for phosphate removal, -NH2 groups on D-201 
matrix and the loaded HFO nanoparticles. 
All the PO4
3- adsorption ability of adsorbents can be found in Table 1-2. 
(3) Simultaneous adsorption of ammonium and phosphate 
The adsorption functional groups for ammonium and phosphate adsorption are different 
because of the different electrical charges they carry. Thus, a highly efficient ammonium 
adsorbent might not have good adsorption ability for phosphate, of which a typical example is 
zeolite. Usually, zeolite can be modified to attribute it with phosphate removal capacity.  
For example, He et al. used zeolite as substrate and treated it with alkaline activation and 
lanthanum-impregnation for simultaneous removal of ammonium and phosphate from 
wastewater. It was found that the ammonium and phosphate removal ability were enhanced 8 
and 100 times to 21.5 mg·g-1 and 9.10 mg·g-1 compared with zeolite before modification. (He 
et al., 2016). 
On the other hand, Huang et al. modified zeolite with magnesium salts to simultaneous 
remove ammonium and phosphate using struvite crystallization process. Mg2+ was released 
with NH4
+ being exchanged onto zeolite and the Mg2+ served as the magnesium source in 
struvite crystallization. (Huang et al., 2014).  
In other cases, natural acquirable materials can be used as substrates and modified with 
phosphate and ammonium adsorption functional groups respectively to obtain amphoretic 
adsorbents holding removal ability of both N and P.  
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Wang et al. studied the recovery of NH4
+ and H2PO4
- from solution onto straw cellulose 
modified by chloroacetic acid and 3-chloro-2-hydroxypropyl trimethylammonium chloride. 
The functional groups of the adsorbent after modification were carboxymethyl group (for 
NH4
+) and quaternary ammonium group (for PO4
3-). (Wang et al., 2016). 
1.4.4 Use of adsorption in anaerobic digestion (AD) process 
(1) Anaerobic digestion 
Anaerobic digestion is a method that includes degradation and stabilization of organic 
materials under anaerobic conditions by microbial organisms and leads to the formation of 
biogas and microbial biomass. 
Anaerobic treatment provides a method of reducing pollution from agricultural and 
industrial operations while at the same time lowers the needs for fossil fuels. However, the 
AD process still faces the challenge of operational instability (Romero-Güiza et al., 2016). 
  Ammonia inhibition is a common reason resulting in operation failure of AD process. 
Ammonium ion (NH4
+) and free ammonia (FA) (NH3) are important forms of inorganic 
ammonia nitrogen while FA is suggested to be the main cause of inhibition (Chen et al., 2008). 
Ammonium inhibition has occurred within the range of 1500-3000 mg-NH4
+-N·L-1 during the 
AD process (Velsen, 1979). pH also has a large influence of ammonium inhibition because 
increased pH will cause a larger ratio of FA in the system, which is the actual toxic agent 
(Borja et al., 1996). Different inorganic and biological additives have been used as additives 
to mitigate the ammonia inhibition of AD process, which will be discussed in detail as follows. 
(2) Adsorption for ammonia inhibition mitigation 
In order to remove surplus NH4
+ and improve anaerobic digestion efficiency, adsorbents 
such as activated carbon, biochar and zeolite can be introduced to the digester. Aside from 
ammonium adsorption, adding of adsorbent like zeolite can also benefit anaerobic digestion 
by increasing buffering capacity of digesters and immobilization of microbial cell.  
Milan et al. studied the influence of zeolite concentrations on piggery AD process and 
found that it favored at zeolite dosage between 2 and 4 g·L-1 but inhibited beyond 6 g·L-1. The 
authors concluded that higher zeolite dosage results in higher alkalinity and higher 
concentration of free ammonia in solution, which was crucial for process inhibition happening 
(Milán et al., 2001). 
Lü et al. studied the alleviation of ammonium inhibition during anaerobic digestion of 6 
g·L-1 glucose. Study showed that addition of biochar could facilitate the methane and acid 
production rate. (Lü et al., 2016). 
(3) Adsorption for nutrient recycling from AD digestate 
The management of digestate is a major problem due to the possible leaching and 
diffusion of excess nutrient and other pollutants to water and soil. High concentration of 
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nutrients like ammonium and phosphate in AD digestate is a good resource for agricultural 
usage when they are separated and enriched into other carriers. Many researchers are 
interested in the recovery of nutrients from the anaerobic digestate using adsorption methods. 
For example, Markous et al. first used natural zeolite for ammonium sorption from 
wastewater and then the ammonium-enriched natural zeolite was utilized as nitrogen releaser 
for cultivation of A. platensis, which is a kind of cyanobacterial biomass. The ammonium-
saturated zeolite treated in synthetic and real wastewater was proved to be potential in 
utilization of nitrogen resource of wastewater. The indirect cultivation of A. platensis using 
ammonium-saturated zeolite will solve the problems of light penetration reduction and 
unwanted contaminated particles compared to direct utilization of wastewater (Markou et al., 
2014). 
Zheng et al. studied the feasibility of phosphate recovery form excess sludge anaerobic 
digestate by adding waste iron scrap (WIS) into it. 99% of the phosphate can be removed 
under the WIS dosage of 3 g·L-1. (Zheng et al., 2012).  
On the other hand, the AD digestate can be used as fertilizers for food production to 
replace synthetic fertilizer usage from the view of circulation economic. It is important to 
make the nutrients slowly released into soil to avoid nutrient loss and environment pollution. 
Utilization of adsorption for pretreating of digestate can fix the nutrient on the adsorbent to 
alleviate the leaching of high nutrient concentration wastewater and volatilization of harmful 
gas like NH3 (Fagbohungbe et al., 2017). Eykelbosh et al. studied the application of sugarcane 
filtercake and filtercake biochar into soil and compared the influence of the two methods on 
soil. It was shown that filtercake biochar had benefits for soil in terms of increasing soil pH, 
CEC, nutrient availability and water retention (Eykelbosh et al., 2014).  
1.5 Marine water 
1.5.1 Overview 
Seawater composed of 97.5% of the total water amount on earth. Also, it contains huge 
amount of rare mineral resources which are in scarcity for its land form. Only through 
utilizing a small part of seawater will help relieve the freshwater shortage or resource scarcity 
problems nowadays.  
One of the most intensively studied subjects related to marine water has been focused on 
obtaining freshwater via seawater desalination technologies. Conventional seawater 
desalination methods include distillation method that used thermal energy and reverse 
osmosis (RO) process driven by electrical energy. The RO process with a membrane 
separation configuration is advantageous over thermal treatment with the aspect of energy 
consumption, with a total energy usage as little as 0.005 kWh·L-1. 
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Besides acquiring freshwater from the oceans, the abundant storage of resources in 
seawater stimulate the extraction and recovery of these resources to be utilized by human 
beings. For example, the nearly unexhausted uranium storage in seawater enables nuclear 
power to be used as a completely renewable energy.  The Lithium recovery from seawater 
satisfies the urgent necessity from electrical vehicle industry, of which the Lithium ion battery 
has been widely used as the power supply.  
However, human activities accompanied with the expansion of coastal cities’ scale as 
well as the industries set up along the coastline, for example, the set-up of oil fields or nuclear 
power plant, has casted unprecedented hazard towards the marine ecosystem. The inflow of 
contaminants including radioactive elements, microplastics, hydrocarbon, heavy metal into 
oceans has already caused several environmental incidents, bringing about huge threatening to 
marine lives and the balance of ecosystem.  For example, the oil contamination after oil spill 
will be harmful to marine organisms due to the high bioavailability and potential toxicity. 
Kim et al. investigated the influence of tidal cycle on the total petroleum hydrocarbon (TPH) 
concentration in seawater after the Hebei Spirit Oil Spill accident. It was found that TPH 
concentration fluctuated with the tide cycle of the offshore area (M. Kim et al., 2013). On the 
other hand, the pollution of nanoplastic receives high concern for its increased abundance and 
toxicity to marine organism compared with those of microplastics. The nanoplastic 
contaminants has a high mobility in marine water and will become the carrier of other 
contaminants such as persistent organic pollutants (POPs). Also the nanoplastic contaminants 
will enter the aquatic food chain, including algae, bacteria and fish, which is harmful to the 
whole marine system (Dong et al., 2019; Mattsson et al., 2015). 
1.5.2 Radioactive substance decontamination in seawater 
Radioactive contamination of seawater is resulted from leakage of nuclear fuel, 
especially for the radioisotope of strontium, uranium, cesium and iodine (Tag El-Din et al., 
2018). For instance, since the explosion accidents of Fukushima First Nuclear Power Plant 
after earthquake disaster, the surrounding environment has been exposed to radiation with an 
intensity of 1.8×1016 Bq 134Cs and 1.5×1016 Bq 137Cs (Parajuli et al., 2016c). The hazard of 
cesium toward organisms is attributed to its high bioavailability, high mobility and long half-
life, once untaken by organisms, the radioactive cesium will exist in tissues and continuously 
irradiate them (Kautsky et al., 2016). Unlike the stable chemical, concerning on the topic of 
radioactive substance removal from seawater, the adsorbents should have a high selectivity 
for the treated radioisotope and be stable enough considering the coexisting ions in seawater 
and the long-term storage of adsorbent in the post-treatment process (Parajuli et al., 2016d). 
In Parajuli et al.’s study, it was described in detail the principles of dealing with radiation 
contaminated area after the nuclear power plant explosion accident. While incineration 
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method was most suggested for organics rich wastes, the proper disposal of the incineration 
ash and inhibition of volatile Cs releasing into atmosphere should be given attention. It was 
found that water washing can remove most of the radioactivity caused by 134Cs and 137Cs from 
the biomass (wood bark) incineration ashes, and the following step of fixing of Cs into stable 
adsorbents can ensure the safe storage for years in a small volume (Parajuli et al., 2013). 
Therefore, for the radiation treatment in soil and water system, it was a key issue to find or 
develop adsorbents suitable for radioactive substance capture with the benefits of high 
selectivity, low cost and long-term stability.  
The cleanup of radioactive pollutants from water has been researched intensively using 
adsorption or other methods. Solvent extraction method has been used for separation of 
cesium or rubidium from salty substrates, and the final yields of extraction can reach 95.04% 
and 99.80% for cesium and rubidium respectively (Liu et al., 2015). A Continuous stirring 
tank reactor (CSTR) equipped with Prussia blue nanoparticles immobilized on non-woven 
fiber was proposed for radiocesium removal. Bench-scale testing in Fukushima area of Japan 
proved that a removal capacity of ~50000Bq/kq for the system, which is feasible for the real 
radioactive decontamination (Minami et al., 2016). Similar with seawater containing high 
concentration of cations, removal of radioactive cesium from ash-washing solution also faced 
with a high content of coexisting potassium. When the initial concentration ratio [K+]/[Cs+] 
was 2.1×105, ZnHCF adsorption could reduce the radioactive cesium to below 60Bq·L-1, 
which is below the 134Cs standard of environment water in Japan (Takahashi et al., 2016a). 
The titanate compounds have been reported to be a potential candidate for radioactive 
substance removal. Radioactive 137Cs+ and 125I- were captured using titanate nanofibers or 
nanotubes sorbents. The materials have the negatively charged layers and charge 
compensating Na+, making ion exchange with Cs+ possible. For immobilization of I- ions, 
nanocrystal Ag2O were decorated on the sorbents. The layered structure tubular titanate 
sorbent preceded the fibril one that could completely remove Cs+ and I- with the initial 
concentration lower than 80 ppm 137Cs+ and 350 ppm 125I-, respectively (Yang et al., 2011). 
Removal of radionuclides 137Cs+ and 90Sr2+ utilizing an ion exchanger crystalline 
silicotitanate (CST) was carried out for a real radioactive waste solution of Kalpakkam. The 
pure CST and the Nb-modified CST were synthesized with hydrothermal method and 
extremely high ion exchange capacity of Nb-CST was found to be 11.8 meq·g-1 and 3.2 
meq·g-1 for 90Sr2+ and 137Cs+, respectively, far exceeding that of zeolite and hexacyanoferrate 
(~2 and 1.06 meq·g-1). The adsorption equilibrium can be reached at about 2 h for 90Sr2+ while 
it takes more than 24 for 137Cs+, probably due to the larger size of the latter one (Chitra et al., 
2011). 
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Besides nanosized adsorbent such as Prussian blue analogues or titanate naotubes, low-
cost adsorbents have also been developed for radioactive substance decontamination in 
polluted area. As a disposal method of the nuclear-active wastes obtained from precipitation, 
evaporation, filtration and solvent extraction, zeolite-polymer composite fiber was suggested 
with especially high surface area of 136 m2·g-1 and saturation bingd capacity of 136 mg·g-1. 
The nuclear pollution of soil or rivers would certainly a threatening to seawater as the 
downstream destination to accept the runoff or leachate carrying radioactive substances. The 
zeolite-poly (ethersulfone) (PES) system were tested in a river of Fukushima region within a 
28-day period. The total amount of radioactive Cs detected in the sorbent was found to be 
7700 Bq·kg-1 (Kobayashi et al., 2016). 
1.5.3 Seawater desalination technologies 
Freshwater scarcity is the emerging global challenge. Research on the obtaining 
freshwater by desalination of seawater has already started. The development of seawater 
desalination facilities has seen huge growth and it was reported 38 billion m3 of freshwater 
was provided by seawater desalination in 2016, double that in 2008 (Phillip and Elimelech, 
2011; Schiermeier, 2008). The desalination process requires the separation of salt and water to 
get two streams-freshwater stream with a low dissolved salt concentration and brine stream 
with concentrated salt. Several technologies have been applied for desalination, including 
distillation, electrodialysis, membrane separation methods and so on. For the commercial 
usage, the multi-stage flash distillation (MSF) and reverse osmosis (RO) methods have been 
dominating the field, while the RO technology has seen an increase in application due to its 
low cost and easy operation (Khawaji et al., 2008). 
(1) Multi-Stage Flash Distillation (MSF) 
The principle of MSF process is the reducing of temperature to evaporate seawater. A 
typical Multi-Stage Flash Evaporator is composed of brine heater, evaporator flash chamber 
(vacuum chamber), heat input/recovery/rejection sections, seawater inlet/outlet and so on 
(Khawaji et al., 2008) (Figure 1-3). 
In the brine heater module, a low-pressure steam usually from cogeneration power plant 
twill be applied for heating the brine. The heated brine will then flow into the evaporator flash 
chamber, which is always composed of 19-28 stages for evaporation and with an operation 
temperature of 90-120 ℃ (Al-Sofi et al., 1994). Inside the vacuum chamber, the pressure was 
maintained at a value to keep the seawater boiling at the stage. The water vapor was collected 
while the unflashed brine will be transferred to the next stage. The multiple-stage vacuum 
chambers were at a sequential lowered pressure. The heat released during the condensation of 
water vapour will be transferred to the brine heating module, ensuring the heat circulating and 
economical production (Al Ghamdi et al., 1987).  
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(2) Reverse Osmosis (RO) 
The working principles of RO process is shown in Figure 1-4. Energy consumption is an 
issue of concern when talking about the seawater desalination. A minimum of 1.06 kWhm-3 
was necessary for seawater desalination (35,000 ppm) at a water recovery rate of 50%. A 
whole energy consumption rate of 1.8 kWh·m-3 was reported with 50% water recovery. The 
energy consumption of reverse osmosis can be divided into three parts: (1) energy to bring the 
feed seawater to a pressure equal to osmotic pressure of the concentrate; (2) intake, pre-
treatment, post-treatment and brine discharge process; (3) removal of boron and chlorides 
from effluent.  
Several methods were used for lowering the energy consumption and price for seawater 
desalination using RO. For example, although asymmetric cellulose acetate membrane was 
widely applied as RO membrane module since 1960s (Society, 1963), thin films with high 
water permeability and salt rejection rate have been developed to save the energy 
consumption (Busch and Mickols, 2004; Geise et al., 2011). Increase of membrane 
permeability will help reduce the pressure for driving water permeating through the 
membrane, thus saving the energy consuming of RO process. Especially, the aligned 
nanotubes were applied in the matrix of RO membrane to get ultrahigh-permeability 
membrane (Holt et al., 2006). Besides, the design of RO configuration has been explored to 
increase the energy efficiency. Due to the finite size of RO system, the water permeation from 
seawater is not a reverse process, leading to an extra energy consumption of 0.5 kWh·m-3 
compared with ideal minimum energy consumption. A staged membrane operation system 
was adopted with only a smaller volume of water permeating through membrane and then 
serve as feed solution of another permeation. In this way, the 0.28 kWh·m-3 of energy can be 
saved without scarifying the water recovery amount (Zhu et al., 2009). 
Apart from the energy issue of RO process, the environmental impact of RO technology 
also cannot be ignored. The threatens caused by RO process are derived from two aspects: 
First, the emission of CO2 or air pollution in the production of energy supplied for RO 
operation; Second, the endanger to environment caused by high salinity seawater reverse 
osmosis brines and chemicals used in membrane cleaning. Regarding the assessment of 
aquatic eco-toxic impact of sea brines, Zhou et al. developed a group-by-group approach 
which took the advantages of two traditional approaches “chemical specific approach” and 
“whole effluent approach” (Zhou et al., 2013). Lattemann and Höpner et al. pointed out the 
potential solution to the sea brine pollution problem-pre-dilution of brine before disposal with 
streams from power plant cooling water. On-site treatment of the membrane cleaning solution 
would be necessary in special treatment facilities. Therefore, site selection of seawater 
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desalination plant is crucial to have enough capacity of diluting or dispersing the concentrated 
brine (Lattemann and Höpner, 2008). 
(3) Capacitive De-Ionization (CDI) 
Recently, the technology of capacitive deionization (CDI) has been widely applied in 
seawater desalination. CDI is a technology based on electrosorption making use of the 
transfer and adsorption of ions in a given electrical field. A CDI cell is usually composed of a 
pair of electrodes with high porosity, separator and flow path for feed solution. In a typical 
CDI desalination process, two processes including charging and discharging are involved. In 
the charging step, a cell voltage of 1-1.4 V will be applied forcing salt ions migrating into the 
electrical double layers (EDL) of the electrode with adverse charge. Conversely, ions held in 
EDL will be released in the discharging step, while the leaving of ions can form current and 
recover energy (Suss et al., 2015). 
In the reverse osmosis process, a pressure-driven process was involved, which means a 
feed pressure higher than the brine osmotic pressure is necessary in order to get the product of 
a salt-free water. Therefore, it has a high requirement that the membrane materials should 
have an increased water permeability, most of the CDI system don’t include the process of 
water pass through membrane,  
Nam et al. studied a desalination battery by coupling the Cu3[Fe(CN)6]2·nH2O with a Bi 
electrode for sodium ions removal. The Cu3[Fe(CN)6]2·nH2O/Bi desalination battery can 
recover energy simultaneously with ions removal process without the existence of membrane. 
Results showed that the pairing of Bi as the Cl-storage electrode can greatly enhance the 
stability of Cu3[Fe(CN)6]2·nH2O electrode due to the inhibition of pH increase. The energy 
consumption in the charging process can be compensated by the energy recovery during 
desalination when an acid salted solution was used (Nam et al., 2019). 
Huang et al. proposed a dual-ions electrochemical deionization system-for the anodic de-
chloride process using Ag nanoparticles/reduced graphene-oxide and for the cathodic de-
sodium process adopting NaTi2(PO4)3/reduced graphene-oxide. A salt removal capacity of 
105 mg·g-1 can be achieved in 50 cycles when the cell voltage was between -1.2-1.4 V. A low 
energy consumption of 0.127 Wh·g-1 was observed when cell voltage was lowered to 0-1.4 V, 
at which energy recovery rate was beyond 30% (Huang et al., 2019). 
Tang et al. reported the influence of over potential on the salt removal or desorption 
capacity of a membrane capacitive deionization. The authors proved that by adopting 
mesoporous carbon or carbon aerogel as the membrane in the CDI system, the salt removal 
capacity would be largely increase compared to that without membrane. It was shown that the 
application of over-potential to CDI system can be beneficial for the fast removal of ions to 
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get freshwater, while in the long-term operation the adsorption capacity might be faded due to 
the destroy of electrode and ion exchange membranes (Tang et al., 2019). 
1.5.4 Metal recovery from seawater 
Seawater contains huge amount of valuable minerals of which some can be the 
supplementary resource in addition to its land-based forms.  The elements in seawater are so 
rich in variety that it was said that they covered the all of the elements in periodic table 
(Loganathan et al., 2017). Although there was a long history of making use of salts from 
seawater for human beings, the development of seawater desalination plants using reverse 
osmosis (RO) technology leads to the production of huge exhausted brine (Greenlee et al., 
2009). These exhausted sea brine should contain surprising amount of metal storage with the 
top four concentrated metal cations being Na+, Mg2+,  Ca2+ and K+ (J. F. Anthoni). 
Furthermore, the 21st century has witnessed a scarcity in the supply of rare-earth elements and 
precious metal including Li, Cu, Co, Ag and Au, which is attributed to the fabrication of 
battery, photocatalyst and biomedical devices (Diallo et al., 2015). 
A lot of methods have been used for extracting and recovering metal from seawater and 
can be summarized as four ways:  
(1) evaporation method: mainly used for recovery of salts from seawater or seawater 
desalination brine with the solar energy for natural evaporation of water. The method has long 
been used in history requiring a large area as the evaporation pond. 
(2) electrodialysis: a migration process of cation/anion under electrical field and the 
alternating setup of cation exchange membrane and anion exchange membrane between 
anode/cathode causes separated cells with diluted and concentrated salts. Extraction of high 
purity NaCl requires the usage of Na+ selective membrane Neosepta, while recovery of other 
metals have been rarely studied. 
(3) membrane distillation/membrane distillation crystallization: a thermal-driven process 
that acts as precursor of membrane crystallization, involving a hydrophobic microporous 
membrane to maintain the separation of supersaturated salt solution at retentate (warm) side 
and freshwater at distillate (cold) side. High purity of major salts such as NaCl and 
MgSO4·7H2O can be produced using this method. 
(4) adsorption/desorption/crystallization: minerals from seawater or brines can be 
selectively adsorbed onto the adsorbents and then desorbed in some ways followed by 
precipitation and crystallization. This method is especially suitable for the recovery of high 
value metals from seawater, such as Li, U and Sr. The challenge of 
adsorption/desorption/crystallization method are mainly from the coexisting metal ions 
competing for adsorption. The method should be combined with membrane distillation 
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crystallization or reverse osmosis methods for recovering metals together with obtaining 
freshwater. 
To be more specifically, resource recovery from seawater contains the following parts: 
(a) Nuclear fuel element recovery 
Uranium is an important element serving as the nuclear fuel in atom power plants. The 
uranium storage in ocean is reported to be around 4.5 billion tonnes, which is almost 500 
times that of land-based storage. The exploitation of marine-oriented uranium should be of 
potential for clean energy production. Several amidoxime-based polymer adsorbents with 
high affinity of U adsorption was prepared by Oak Ridge National Laboratory. High 
adsorption capacity of 3.2 g-U·kg-1 was achieved for a fiber adsorbent with poly 
acrylamidoxime as matrix and suspension polymerization as the crosslinking method (Kim et 
al., 2013). The Pacific Northwest National Laboratory carried out test to evaluate the uranium 
extraction efficiency from natural seawater with a flow-through columns in a recirculating 
flume. (Gill et al., 2016). Based on the amidoxime-based polymer adsorbent mentioned above, 
Haji et al. established two 1:10 scale prototypes for on-site U extraction from seawater. The 
system is a dynamic one with the constant moving of the adsorbent component. Results 
showed that a stronger resistance to biofouling for the dynamic system. (Haji et al., 2019). 
Besides uranium extraction from seawater, removal of other radionuclides has been carefully 
studied in Yantasee’s study. A series of nanoporous silica self-assembled with 
hydroxypyridinone derivatives (1,2-HOPO, 3,2-HOPO, 3,4-HOPO) was used for capturing 
radionuclides from seawater including uranium, thorium, plutonium and americium. 
(Yantasee et al., 2019). 
(b) Valuable metal recovery 
Lithium (Li) is in high demanding in recent years as the raw material of of lithium-ion 
batteries (LIBs) due to the fast development of electric vehicle industry. Apart from the 
limited storage in territories (Hong et al., 2018), the storage of Li in seawater was estimated to 
be 2.314 ×1011 tonnes, far leading the amount of other valuable elements such as Mo, V, Ni 
and U (Loganathan et al., 2017). Inorganic lithium ion sieves (LIS) are widely used for Li 
recovery with high selectivity. A flow-through type mixed matrix nanofiber (MMN) 
membrane with particulate LIS dispersed on it was used as Li adsorbent (Activated LIS: 
Li0.67H0.96Mn1.58O4) (Park et al., 2016). A cylindrical porous hydrogen manganese oxide 
(HMO) /Al2O3 composite adsorbent was developed for Li recovery from seawater. Different 
ratios of lithium manganese oxide (LMO): Al2O3 were tested to find the most suitable 
condition of preparing the HMO/Al2O3 composites with the minimized loss of Li adsorption 
capacity. (Hong et al., 2018). Besides Lithium, rubidium is also a valuable metal which is 
widely used in fabrication of optical fibres and semiconductors. Rubidium accounts for a 
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concentration of 0.12 mg·L-1 in seawater while the value was 0.19-0.30 mg·L-1 in seawater 
reverse osmosis brine. Naidu et al. proposed a system combining membrane distillation 
process and selective sorption system. Potassium copper hexacyanoferrate was encapsulated 
into PAN polymer substrate (KCuHCF-PAN) and was used for selectively adsorbing Rb+ 
(maximum adsorption capacity 125.11 ± 0.20 mg·g-1) at 55 ℃. (Naidu et al., 2017). 
(c) Potassium recovery 
Potassium, together with nitrogen (N) and phosphorus (P), are essential nutrients for 
plant growing. As the fourth most abundant element in seawater, it is regarded as a potential 
source of obtaining K+. Considering the drawbacks of traditional evaporation way for 
obtaining K+, including limitation of climate (humidity) and large area of land necessary for 
evaporation, extraction of K+ through precipitation method was attractive. In Ghara et al.’s 
study, tartaric acid was used as K+ precipitant for K+ recovery from seawater brine. (Ghara et 
al., 2014). On the other hand, potassium ionic sieve membrane has been applied for K+ 
recovery from seawater. In the research carried out by Hou et al., a K-phillipsite (K-PHI) 
membrane was synthesized using hydrothermal method on a α-alumina support. (Hou et al., 
2013). Adsorption method was also used for selective K+ recovery from seawater. Pan et al.  
utilized the ocean manganese nodules (OMN) treated with different methods and used them 
for K+ adsorption. (Pan et al., 2013). 
(d) Mg2+ and Ca2+ recovery 
Mg2+ and Ca2+ are abundant in seawater, accounting for the second and third most rich 
metal ions in marine water, with a concentration of 1290 mg-Mg·L-1 and 411 mg-Ca·L-1. The 
recovery of Mg2+ and Ca2+ is always associated with the phosphorus recovery from urine by 
the precipitation method. In the study of Rubio-Pincon et al, seawater was used as the 
magnesium source for to recover phosphorus from hydrolyzed urine. A phosphorus recovery 
rate up to 99% was achieved when the ratio of seawater: urine was lower than 3.3:1.0. (Rubio-
Rincón et al., 2014). Another study carried out by Dai et al. suggested the condition that 
seawater toilet flushing in Hongkong makes the struvite-precipitation method feasible for 
phosphorus recovery. (Dai et al., 2014). Although seawater is regarded as a huge stock of 
magnesium and calcium resource, the direct usage of seawater as precipitant for struvite 
formation will increase the difficulty of getting supersaturation due to the large volume of 
seawater and diluted phosphate. Therefore, Ye et al. first obtained a condensed Mg2+ solution 
before precipitation using electrodialysis method coupled with a monovalent cation-exchange 
membrane. (Ye et al., 2018). 
1.6 Objectives of the research in this dissertation 
From the literature review in the previous parts, the objectives of the presented 
dissertation are becoming clear and the scheme was shown in Figure 1-5.  
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As illustrated in the previous parts, the nutrient-rich wastewater has the environmental 
risk of causing eutrophication and related harms. Ammonium ion (NH4
+) and phosphate ion 
(PO4
3-) representative nutrients as essential components of fertilizer. Although coagulation, 
precipitation, biological methods was used in removal of NH4
+ and PO4
3-, adsorption method 
has been demonstrated to be advantageous due to its convenient operation, high efficiency, 
recyclability and easy recovery of NH4
+ and PO4
3-. NH4
+ and PO4
3- always co-existed in 
systems such as anaerobic digesters. The marine water system also contains huge the 
elemental resources including Cs+ and K+. However, existence of radioactive Cs+ in seawater 
calls for the decontamination of radionuclides for its severe threatens to human beings. 
Adsorption method is suitable for radionuclides removal for its small volume and stable 
storage. Also, element can be selectively recovered from seawater with suitable adsorbents.  
Considering the applicability and significance of the research issues to be explored, 
experimental methods have been carefully designed, regarding the adsorbent’s form, 
mechanism behind adsorption performance, easiness of resource recovery, etc. To be 
specifically, the cogitation of the three researches to be narrated in following parts are 
summarized as below: 
In the first research, emphasis has been put on the simultaneous removal of common 
nutrients (NH4
+ and PO4
3-) from the mix solution of the two components. The zeolite-based 
adsorbent used in this part have been designed to have a bead-like shape, thus satisfying the 
need of easy separation from solution after usage. Also, the phase-transfer preparation method 
of obtaining the zeolite-chitosan-FeCl3 adsorbent bead was found to be convenient and low-
cost. Removal capacity of two kinds of nutrients will be evaluated through batch adsorption 
experiments. The proposed new adsorbent zeolite-chitosan-FeCl3 has the potential to be 
applied in the treatment of NH4
+ and PO4
3- rich wastewater and recover the two nutrients at 
the same time. 
In the second research, attention has been given to the adsorption mechanism of CoHCF 
in regard to monovalent cations. The adsorption behaviour (adsorption amount, kinetics, 
structural change after adsorption) of Cs+, NH4
+ and K+ adsorption by CoHCF has been 
compared. For the thorough understanding of CoHCF adsorption behaviour, relationship 
between cation adsorption and CoHCF composition (vacancy ratio) will also be established. 
Finally, a new theory is to be proposed to unveil the connection between adsorbent’s lattice 
size and adsorbate’s ionic radii. The research will be significant to provide new knowledge of 
understanding the relationship between MHCF’s structure and its adsorption capacity. 
In the third research, K+ adsorption and recovery will be of concern. Inspired by the 
second research, K+ adsorption ability of CoHCF is also attractive although not being 
intensively studied. The present research is to resolve the problem of potassium scarcity in 
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some coastal countries lack in potassium ores. Making use of the selective K+ adsorption 
ability, K+ can be captured on CoHCF adsorbent from seawater. Especially, making use of the 
electrochemical-switched ion exchange property of CoHCF, an electrochemical K+ 
desorption/CoHCF regeneration system will be introduced to satisfy both K+ recovery and 
adsorbent reuse. The K+ recovery system is to be evaluated by batch adsorption experiments 
and cycle experiments. The adsorption/electrochemical desorption system will be potential to 
be used in K+ recovery from seawater in real cases. 
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Table 1-1. NH4
+ adsorption ability of different NH4
+ adsorbents. 
 
Adsorbent material Mass/volume ratio 
Selectivity Recyclability 
Maximum 
adsorption 
capacity (mg/g) 
Reference 
 Adsorbent dosage 
(mg) 
 
Adsorbate 
volume 
(mL) 
Clinoptilolite-based 
mix matrix membrane 
Membrane: 45 cm2 
Solution: 100 mL 
 1.4-56 
High affinity 
for K+ ions 
A fraction of 
K+ remains in 
clinoptilolite 
~1.75 (Casadellà et al., 2016) 
Mud-starch-zeolite 20  
2500-
10000 
K+, Mg2+, 
Ca2+ compete 
with NH4
+ 
Not discussed 75.5 (Zhao et al., 2013) 
P(AA-co-AMPS)/WS 1  140-1400 Not discussed Not discussed 121.1 (Xie et al., 2013) 
CuHCF 0.001  14-140 Na+,K+ 
Recycled for 
at least 5 
cycles with 
KCl solution 
27.16 (Parajuli et al., 2016b) 
Zeolite-Pd membrane 10  2 Not discussed 
NH4
+ 
decompositio
n at high 
temperature  
11.82 (Choi et al., 2016) 
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Table 1-2. PO4
3- adsorption ability of different PO4
3- adsorbents. 
Adsorbent material 
Mass/volume 
ratio (mg·mL-1) 
phosphate 
concentration 
(mg-P·L-1) 
Coexisting ions 
Maximum phosphate 
adsorption capacity 
(mg-P·g-1) 
Reference 
Synthetic goethite/ 
akaganeite 
0.10 0.33 Cl-, NO3
-, CO3
2-, SO4
2- 
11 for goethite 
9 for akaganeite 
(Chitrakar et al., 2006) 
Fe-LDH 1 10-500 -- ~350 (Triantafyllidis et al., 2010) 
Ce-CCS 2.4 20-250 SO4
2-, Cl-, HCO3
-, CO3
2- 45.37 (Hu et al., 2017) 
HFO-201 0.5 10 SO4
2-, Cl-, HCO3
- 17.8 (Pan et al., 2009) 
Zr-T gel 0.3 3.1 
Cl-,Br-, I-, SO4
2-, HSO3
-, 
HCO3
-, ClO4
-, F-, AsO4
3- 
~10.79 (Yuchi et al., 2003) 
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Table 1-3. NH4
+ and PO4
3- adsorption ability of different adsorbents at simultaneous NH4
+ and PO4
3- adsorption experiment. 
 
 
 
Adsorbent 
material 
Mass/volume 
Ratio 
(mg·mL-1) 
phosphate ammonium 
Reference 
concentration 
(mg-P·L-1) 
 
qmax 
(mg-P·g-1) 
concentration 
(mg-N·L-1) 
 
qmax 
(mg-N·g-1) 
NaOH-La-
Zeolite 
2 5  8.96 20  21.2 (He et al., 2016) 
MgCl2-Zeolite 80 155  1.90 490  5.02 (Huang et al., 2014) 
Amphoteric 
straw cellulose 
20 50-200  38.6 50-200  68.4 (Wang et al., 2016) 
HAlO-zeolite 10 1-2000  7 10-5000  30.0 (Guaya et al., 2015) 
MgO-diatomite 0.3 60-120  160.94 60-120  77.1 (Xia et al., 2016) 
Fe(III)-zeolite 4 1-2000  3.4 10-5000  27.0 (Guaya et al., 2016) 
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Figure 1-1. Crystal structure of potassium hexacyanoferrate with vacancy ratio x of 0.00, 0.25 
and 0.50. Water in the interstitial sites was omitted. (Takahashi et al., 2018) 
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Figure 1-2. Application of MHCF making use of electrochemical switched ion exchange 
(ESIX) property (Du et al., 2016) 
33 
 
 
 
 
 
 
 
Figure 1-3. Working principle of Multi-Stage Flash Distillation for seawater desalination. 
(Khawaji et al., 2008) 
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Figure 1-4. Working principle of Reverse Osmosis for seawater desalination. (Phillip and 
Elimelech, 2011) 
35 
 
 
 
 
 
 
  
Figure 1-5. Overview of the research scheme for the three themes in this dissertation. 
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Chapter 2 Simultaneous removal of ammonium and phosphate using a 
bead like zeolite-chitosan-FeCl3 adsorbent 
 
2.1 Introduction 
Nutrient removal and recovery have long been a hot issue receiving high attention from 
researchers and society (Li et al., 2017; Rittmann et al., 2011). Along with the population 
growth and industrial development, surplus nutrients (mainly ammonium and phosphate) was 
flushed into water body, causing serious environmental problems such as eutrophication, 
algae blooms, fish death, microcystins hazard and so on (Darwish et al., 2016; Davis et al., 
2010; Kameyama et al., 2002). For example, the algae blooms in Taihu Lake (China) in recent 
years was caused by the over emission of N/P from factories and the runoff from nutrient-rich 
agricultural sewage, which even endangers the drinking water supply to the residents (Guo, 
2007).  
Instead of just removing nutrient substances from water, it will be a more profitable 
action to recover them for the further utilization in agriculture and manufacture (Huang et al., 
2016; Song et al., 2011). Many methods have been developed for removing and recovering 
nutrients from water, including precipitation, ion exchange, biological method and adsorption 
(Carrera et al., 2003; Obaja et al., 2003; Pan et al., 2009; Ryu et al., 2008; Thornton et al., 
2007; Zhang et al., 2009; Zhao et al., 2013) However, precipitation method had the drawback 
that it is necessary to dose ammonium or phosphate to make the N/P ratio in solution close to 
1, which might cause the second pollution (Le Corre et al., 2009). The obvious disadvantage 
for biological methods is that the activity of microorganisms will be greatly influenced by the 
temperature (Chevalier et al., 2000). Besides, it still remains a problem how to perfectly 
separate the nutrients in the sludge with other components(Yang et al., 2015). The ion 
exchange resin is very expensive and needs very complicated operation and large amount of 
reagent for the regeneration (Nur et al., 2012). 
Adsorption method is a highly efficient method in nutrient removal and has the benefit of 
easy operation and good recyclability (Kawasaki et al., 2010; Kizito et al., 2015; Yin and 
Kong, 2014). There have already been many studies concerning ammonium and phosphate 
removal. For example, zeolite, clay and biomass materials have been widely researched for 
adsorption of ammonium nutrient (Casadellà et al., 2016; Xie et al., 2013; Zhao et al., 2013). 
Recently, nanomaterials such as Prussian Blue Analogues were newly discovered to have a 
good effect on ammonium removal (Parajuli et al., 2016b). On the other hand, iron minerals, 
hydrotalcite and metal ions modified polymers are commonly used for efficient capture of 
phosphate (Chitrakar et al., 2006; Kumar et al., 2014; Ogata et al., 2011; Pan et al., 2009; 
Theiss et al., 2014; Triantafyllidis et al., 2010). Nevertheless, the above-mentioned studies are 
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limited in the removal of only one of the nutrients (ammonium or phosphate), while the 
treatment effect for another kind of the nutrients were merely mentioned.  
The inspiration is that if ammonium and phosphate could be simultaneously captured by 
one adsorbent, the operation difficulty and the cost in real application will be largely declined 
(He et al., 2016). Efforts on developing adsorbent possessing adsorption ability of both 
nutrients can be found in several previous studies (Guaya et al., 2015; Huang et al., 2014; Xia 
et al., 2016). For example, Wang et al. studied the recovery of ammonium and phosphate 
from solution onto straw cellulose modified by chloroacetic acid and 3-chloro-2-
hydroxypropyl trimethylammonium chloride (Wang et al., 2016). However, the adsorbent 
preparation method is in high requirements of the reaction situation (high temperature etc.) 
and some organic solvents are involved in the synthesis. Furthermore, if the saturated 
adsorbents were to be used in occasions like anaerobic digestion or fertilizers, they might face 
such barriers as too small size making the separation difficult or hazardous element elution 
which is toxic for microorganisms or plants.  
In this work, a natural material-based adsorbent for simultaneous removal of ammonium 
and phosphate was developed with non-toxic substance as starting material and have good 
separation ability with solution phase. To achieve this goal, the adsorbent was made into 
bead-like form and zeolite/chitosan were adopted as the starting material. 
Zeolite is a kind of mineral composed of hydrated aluminosilicates and is consisting of 
micropores with exchangeable cations (Barthomeuf, 1996). Although more and more zeolite 
can be synthesized using hydrothermal or by using organic template (Jelfs et al., 2007; Wang 
et al., 2010), the mineral zeolite existing in the nature are very popular to be used as 
ammonium adsorbent due to the low cost and relatively high adsorption ability (Casadellà et 
al., 2016). Additionally, chitosan is commonly used as the binder for making bead-like 
functional materials (Yan et al., 2013). Compared with other methods of making beads such 
as polymerization (Nunes and Coutinho, 2002), the chitosan-involved bead formation process 
has the benefit of low cost, easy operation and less organic solvent involved. 
In this study, the bead form adsorbent with zeolite and chitosan as the substrate modified 
by Fe for simultaneous removal of ammonium and phosphate will be developed (Zeolite-
Chitosan-Fe adsorbent, ZCFe adsorbent). The removal ability and the adsorption behaviour of 
the adsorbent will be evaluated by adsorption kinetics and isotherm study. The influence of 
the three components (zeolite, chitosan and FeCl3) in the ZCFe adsorbent on ammonium and 
phosphate adsorption amount will be explored and analyzed. Finally, pH influences will be 
studied and the recyclability of the adsorbent will be researched.  
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2.2 Materials and methods 
2.2.1 Chemicals and reagents 
The natural zeolite was obtained from Hebei Jinghang Mineral Products Co. Ltd. The 
raw material chitosan, zeolite, FeCl3, NaOH, KH2PO4 and NH4Cl are from Wako chemical.  
2.2.2 Preparation of the adsorbent 
For the preparation of ZCFe beads and other adsorbents, a common proposal is listed as 
below:  
First, the pre-solution containing soluble chitosan, Fe3+ and homogeneously dispersed 
zeolite was prepared. 1 g chitosan was put into 50 mL 0.1 mol·L-1 FeCl3 solution and stirred 
for 1 h. The chitosan could gradually dissolve and form a gel form solution due to the acidity 
of FeCl3 solution. After complete dissolution of chitosan, 1 g of zeolite was dosed into the 
chitosan-metal solution with agitated stirring for 1 h to obtain a homogeneity. For preparation 
of the chitosan-FeCl3 adsorbent, zeolite was not added into the gel-like pre-solution. The pre-
solution for chitosan adsorbent was prepared in the following step: 1 g chitosan was dissolved 
in 1wt% acetic acid under stirring. In the case of preparing chitosan-zeolite adsorbent, 1 g 
zeolite was dosed into the solution after chitosan was dissolved in 1wt% acetic acid. 
Second, the pre-solution was titrated into 4 wt% NaOH solution using a 10 mL syringe. 
The distance between syringe tip and NaOH solution was 20 cm. Because it was necessary to 
keep the zeolite in averagely suspended state during titration, only a small volume of pre-
solution was transferred to syringe for one time and the remained part was under stirring in 
beaker.  
The beads formed in NaOH solution were stabilized for 1 h and then separated and 
washed with deionized water for 3 times. The hydrogel-liked beads were dried at 50 ℃ for 24 
h to get rid of the free water. 
In the adsorption tests, the zeolite adsorbent was used after pretreatment: deionized water 
washing and 50 ℃ drying for 24 h. 
2.2.3 Characterization of material 
The surface morphology of zeolite and ZCFe was observed by a scanning electron 
microscopy (SEM; JEOL, HSM-7000F). The specific surface area of zeolite, chitosan and 
ZCFe were measured using a surface area analyzer (Micromeritics, ASAP 2020).  
2.2.4 Adsorption experiments 
Batch adsorption tests were carried out using NH4Cl or KH2PO4 solution. In a typical 
adsorption experiment, 0.4 g adsorbent was dosed into a 100mL conical flask containing 40 
mL solution of substances to be adsorbed at 25 ℃. Solution pH was adjusted with 1 mol·L-1 
NaOH or 1 mol·L-1 HCl. For N and P simultaneous removal experiments, NH4Cl or KH2PO4 
mixture solution (NP solution) were prepared with concentration of 2000 mg-N·L-1 and 500 
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mg-P·L-1 and then diluted to expected concentration using deionized water. The pH influence 
on adsorption efficiency was tested at the pH ranging from 1 to 11. The adsorption kinetics 
were tested with the concentration at three different gradients and the pH was adjusted to 7. 
Samples were taken at fixed time intervals and the concentration of ammonium and phosphate 
were measured. The adsorption time for isotherm test was 4 h to reach equilibrium and the 
concentration range was 100-1200 mg-N·L-1 and 25-300 mg-P·L-1. Samples were taken and 
measured before and after adsorption to know the concentration change. NH4
+-N 
concentration was measured using phenol-Fe[(NO)CN] method and PO4-P concentration was 
analyzed with molybdenum blue-ascorbic acid method. Each test was carried out twice and 
the average value was adopted. The adsorption quantity qt was calculated by Equation 2-1: 
                                                           (2-1) 
where the c0 and ct (mg·L
-1) indicate the concentration of ammonium or phosphate at 
initial and time t. V (L) and m (g) means the solution volume and adsorbent mass, 
respectively. 
The pseudo-first order and pseudo-second order models were used for simulating the 
adsorption kinetic curves. The two models can be expressed as Equation 2-2 and Equation 2-3 
(Ho, 2004; Ho and McKay, 2000): 
                                                       (2-2) 
                                                           (2-3) 
 where qt and qe (mg·g
-1) stand for the NH4
+ and PO4
3- adsorption amount at time t and 
equilibrium, k1 (min
-1) and k2 (g mg
-1 min-1) were the adsorption rate constants for pseudo-
first and pseudo-second order. To evaluate the compatibility of two models for adsorption 
kinetic curves, R2 and other statistic tools (ARED, SSE and MPSED) were used for 
comparison (Ncibi, 2008).  
 The adsorption isotherm curves were fitted using the Langmuir model, which was 
suitable for the monolayer adsorption on surfaces with finite active sites for adsorption. The 
Langmuir model can be described as Equation 2-4 (Langmuir, 1918): 
                                                                (2-4) 
where, ce (mg·L
-1) is the equilibrium concentration of NH4
+ or PO4
3- in solution; qmax 
(mg·g-1) and b (L·mg-1) are the maximum adsorption ability and Langmuir constant, 
respectively. 
In the desorption and adsorbent recycling test, 2 g adsorbent was first put into a 500mL 
conical flask containing 200 mL NP solution (1000 mg-N·L-1 and 250 mg-P·L-1) to make the 
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adsorbent saturated with ammonium and phosphate. Then the adsorbent was separated with 
solution through centrifugation. The adsorbent was sequentially desorbed with 50 mL 0.025 
mol·L-1 HCl and the solution after treatment was collected for measurement. Then the 
adsorbent was separated and rinsed with deionized water three times and dried at 50 ℃. The 
adsorbent after desorption was used for adsorption again at the same condition. The 
adsorption amount of NH4
+ and PO4
3- by recycled adsorbent was measured and compared 
with that of fresh adsorbent. 
2.3 Results and discussion 
2.3.1 Adsorbent characterization  
SEM analysis was used for knowing the surface morphology of zeolite and ZCFe. Figure 
2-1 exhibited that zeolite was in particle form with a size ranging from 100 nm to 300 nm. 
From SEM images, it was found that the chitosan bead was decorated with zeolite particles, 
making the surface very coarse. Increased surface area of ZCFe (4.723 m2·g-1) was observed 
compared with that of pure chitosan beads (0.0082 m2·g-1). However, it should be noted that 
among the three tested samples, zeolite has the largest surface area of 30.482 m2·g-1. This 
should be due to the reason that only the zeolite distributed on the surface of chitosan beads 
can contribute to the increase of surface area and thus the surface area per mass adsorbent will 
be lowered considering the extremely small surface area of chitosan. Higher surface area will 
be beneficial for enhancement of adsorption amount because of the larger contact area 
between adsorbent and adsorbate. 
2.3.2 Adsorption kinetics 
Figure 2-2 illustrates the adsorption kinetic curves of ZCFe and Table 2-1 shows the 
parameters of the pseudo-first order and pseudo-second order. By comparing the adsorption 
kinetic curves at three initial concentration, it showed that the equilibrium time at higher 
initial concentration is shorter than that at lower ones. With the initial phosphate and 
ammonium concentration increased from 50 mg-P·L-1, 200 mg-N·L-1 to 250 mg-P·L-1, 1000 
mg-N·L-1, the adsorption quantity qe also increased from 1.45 mg-P·g
-1 (0.0468 mmol·g-1), 
2.42 mg-N·g-1 (0.134 mmol·g-1) to 9.36 mg-P·g-1 (0.302 mmol·g-1), 11.5 mg-N·g-1 (0.821 
mmol·g-1). The pseudo-first order and pseudo-second order kinetics parameters for the 
adsorption have been given in Table 2-1, where the coefficient R2 for both pseudo-first order 
and pseudo-second order are relatively high, except for the phosphate adsorption at 50 mg-
P·L-1 and 100 mg-N·L-1. In this case, the adsorption kinetics can be better fitted with pseudo-
first order model than pseudo-second order. For other adsorption kinetics, the coefficient R2 
for ammonium and phosphate adsorption at each concentration are larger than 0.97. In order 
to further explore which model is better suitable for adsorption kinetics, we used statistic tools 
other than R2 for evaluation of the suitability of adsorption kinetic models. It is known the 
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smaller the value of ARED, SSE and MPSED, the more significant for the compatibility of a 
model. As can be seen from Table 2-1, all of the values of the three statistic tools for pseudo-
first order are smaller than those for pseudo-second order, indicating that the adsorption 
kinetics can be better fitted with pseudo-first order. This result indicated that the amount of 
NH4
+ and PO4
3- in solution was far beyond that of the adsorption sites on ZCFe, in other 
words, the adsorbent was saturated with the adsorbates (Ho, 2004). On the other hand, the 
kinetic constants of both models increased with initial concentration increasing, indicating 
that higher initial concentration will result in faster adsorption rate. The adsorption kinetic 
study showed that higher initial concentration will be advantageous for the enhancement of 
both adsorption amount and adsorption rate.  
2.3.3 Adsorption isotherms 
In order to evaluate and compare the ammonium and phosphate adsorption capacity of 
different materials, Langmuir models were applied to the adsorption isotherm curves of NH4
+ 
and PO4
3- removal (Figure 2-3). The calculated qmax from the fitting results was listed in Table 
2-2. 
As what can be seen from the Table 2-2, the chitosan adsorbent had the least adsorption 
capacity for both NH4
+ and PO4
3-. However, chitosan played an important role in forming the 
bead-form adsorbent, which is benefit for the separation between adsorbent and solution after 
treatment.  For the raw zeolite, the silica-aluminum oxide skeleton had little electrical 
attraction with PO4
3- at the neutral pH, while the negatively charged micro-pores formed 
between Si-O-Al skeleton had the ability of adsorbing NH4
+, agreeing with the data that qmax 
of zeolite for NH4
+ was 8.48 mg-N·g-1 (0.471 mmol·g-1). The Si-O-Al skeleton only had a 
little affinity toward PO4
3- by forming the coordination bonding between O and P atom, which 
is in accordance with PO4
3- adsorption ability of 2.50 mg-P·g-1 (0.0806 mmol·g-1). The low 
phosphate uptake amount by natural zeolite was in agreement with a previous study(Wu et al., 
2006). For the chitosan-zeolite composite adsorbent, the adsorption capacity of NH4
+ and 
PO4
3- was larger than that of chitosan adsorbent but smaller than that of zeolite adsorbent. 
Comparing with zeolite adsorbent, the bead formation process with participation of chitosan 
will decrease both the surface area and the effective adsorption site concentration (per mass 
content) of the adsorbent, which was in accordance with the BET surface area results. Besides, 
the drop of NH4
+ adsorption ability of chitosan-zeolite adsorbent compared with raw zeolite 
might also be attributed to the introduction of positive charge on adsorbent surface caused by 
the –NH2 groups on chitosan molecules, resulting in repulsive effect between adsorbent and 
NH4
+. When chitosan was modified with Fe3+, the PO4
3- adsorption amount was increased 
from 0.274 mg-P·g-1 (8.84×10-3 mmol·g-1) to 7.51 mg-P·g-1 (0.242 mmol·g-1) compared with 
chitosan adsorbent. This might be due to that phosphate can form Fe-O-P bond with the 
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adsorbent, which increased the phosphate removal efficiency to a large content. The NH4
+ 
adsorption amount of chitosan-FeCl3 was also largely enhanced to value of 15.6 mg-N·g
-1 
(0.867 mmol·g-1). In our experiment, the FeCl3 modified chitosan depleted its positive charges 
due to the existence of hydrous metal oxide (FeOOH), which was advantageous for NH4
+ 
approaching toward adsorbent and then the Fe-O-N complexes will be formed between NH4
+ 
and adsorbent. The NH4
+ and PO4
3- adsorption capacity was further elevated to 25.1 mg-N·g-1 
(1.39 mmol·g-1) and 7.74 mg-P·g-1 (0.250 mmol·g-1) for the treble-component adsorbent 
ZCFe. It can be found that the ZCFe possessed the highest adsorption amount for both NH4
+ 
and PO4
3- all the five adsorbents being tested. This means that zeolite and Fe3+ modification 
both benefit adsorption of NH4
+ and PO4
3- by forming P-O-M or N-O-M coordination bonds 
or providing cation exchange sites, leading to the highest NH4
+ and PO4
3- adsorption amount 
compared to other mono-component or bi-component materials as listed in Table 2-2.  
 Comparing with other adsorbents reported to be efficient for adsorption of NH4
+ and 
PO4
3- at the same time (Table 2-3), ZCFe demonstrates a good performance in the 
simultaneous nutrient adsorption. Considering the easy preparation method and cost-effective 
raw material, ZCFe can be a promising option to be applied in nutrient removal and recovery 
from wastewater. 
2.3.4 pH influence 
From Figure 2-4, it was shown that both PO4
3- and NH4
+ adsorption exhibit a peak type 
trend with the increasing of pH, with the largest adsorption amount for PO4
3- being pH 4 and 
for NH4
+ being pH6. The adsorption of PO4
3- and NH4
+ on ZCFe can be regarded to be 
composed of two processes. First, the adsorbate PO4
3- and NH4
+ moved from the surrounding 
solution to the surface of adsorbent. Second, the adsorbate gets attached to the adsorbent 
through electrical attraction or coordination effect. For both combination method, it was 
necessary for adsorbent and adsorbate to carry opposite charge in order for PO4
3- and NH4
+ 
getting close to adsorbent. With pH increasing from 2 to 6, deprotonation of -NH3
+ on 
chitosan and the -OOH group of hydrous ferrite oxide (FeOOH) will decrease the positive 
charge on adsorbent, which is beneficial for NH4
+ adsorption. However, when pH was further 
increased, the NH4
+ cations in solution will transfer into the neutral NH3 and the electrical 
interaction will be weakened, resulting in a dropping of NH4
+ adsorption amount. For 
phosphate removal, although the positive charge on ZCFe gradually decreased from pH 2 to 4, 
the phosphate species also transfer from neutral H3PO4 to negatively charged H2PO4
-, HPO4
2- 
and PO4
3-, increasing the electrical attraction between ZCFe and phosphate in this pH range. 
When pH is higher than 4, the attraction effect between ZCFe and phosphate will be 
weakened due to the less charged adsorbent, leading to a less PO4
3- adsorption amount. When 
pH continued to increase, the attraction effect might be replaced by repulsion effect due to 
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that both adsorbent and PO4
3- are negatively charged, decrease the PO4
3- adsorption amount to 
a higher degree. 
The pH influence study showed that protonation and deprotonation process of the ZCFe 
adsorbent plays a crucial role in PO4
3- and NH4
+ adsorption. By adjusting the solution pH, the 
removal and recovery efficiency of PO4
3- and NH4
+ can be maximized. In this study, the 
optimized pH might be chosen between 4 and 6 considering both PO4
3- and NH4
+ adsorption. 
However, in the real application such as anaerobic digestion or natural lake, the system pH is 
usually close to neutral, where the PO4
3- and NH4
+ adsorption amount can still be remained 
over 80% of that at optimum pH. 
2.3.5 Adsorbent recycling 
Recyclability is an important factor in the real application considering the economic 
effect. In this study, the nutrient-saturated ZCFe adsorbent was treated with a diluted acid 
(0.025 mol·L-1 HCl). Results were showed in Table 2-4 that up to 83.57% of the adsorbed 
PO4
3- can be desorbed from the adsorbent, indicating that phosphate can be first removed by 
ZCFe and then recovered with a high ratio using acid treatment method. As for NH4
+ recovery, 
a desorption rate of only 35.30% was realized through acid treatment method. The lower 
NH4
+ desorption rate might be due to that PO4
3- compete for H+ with NH4
+ and that protons 
will have a higher selectivity for PO4
3-. However, for the further recovery of NH4
+ and PO4
3- 
from desorption solution, methods such as struvite precipitation is needed. From Table 2-4, 
c(NH4
+)/c(PO4
3-) ratio in the desorption solution is about 1.3:1, which is much lower than the 
initial ratio 4:1. Therefore, the method will be suitable for treating wastewater with a high 
ammonium concentration and recovering the NH4
+ and PO4
3- using struvite precipitation 
method. 
2.4 Summary 
In this study, a Fe3+ modified zeolite-chitosan composite adsorbent was prepared through 
a simple method that titrate the chitosan-zeolite-FeCl3 mixed solution into NaOH. The 
obtained ZCFe adsorbent had a decreased specific surface area than zeolite but a largely 
enhanced one than chitosan beads. SEM characterization showed that zeolite was randomly 
distributed on the surface of chitosan bead, increasing the surface area and provide adsorption 
active sites. Adsorption kinetic study showed that pseudo-second order model is more suitable 
for the PO4
3- and NH4
+ adsorption by ZCFe in most cases. With isotherm tests and Langmuir 
model for simulation, it is known that ZCFe had the highest PO4
3- and NH4
+ adsorption 
capacity compared with zeolite, chitosan, chitosan-FeCl3 and chitosan-zeolite. The maximum 
adsorption capacity for PO4
3- and NH4
+ of ZCFe was 25.1 mg-N·g-1 (1.39 mmol·g-1) and 7.74 
mg-P·g-1 (0.250 mmol·g-1). The increase of PO4
3- and NH4
+ adsorption capacity could be 
attributed to the formation of P-O-M or N-O-M complex with FeOOH or existence of cation 
45 
 
exchangeable sites provided by natural zeolite. The optimum adsorption amount of PO4
3- and 
NH4
+ can be obtained at pH 4 and pH 6 respectively. pH influenced the PO4
3- and NH4
+ 
adsorption capacity through changing the protonation and deprotonation status of adsorbent 
and adsorbate. In the desorption and recycling tests, approximately 35.30% and 83.57% of the 
adsorbed NH4
+ and PO4
3- can be desorbed using 0.025 mol·L-1 HCl and the N/P ratio in the 
desorption solution is lowered from 4:1 to 1.3:1 after treatment. This study provides a 
potential solution for simultaneous adsorption and recovery of nutrients from wastewater. 
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Table 2-1. Parameters of pseudo-first order and pseudo-second order model for PO4
3- and 
NH4
+. 
 
*ARED: average relative error deviation 
**SSE: squares of the errors  
***MPSED: Marquardt’s percent standard error deviation 
 
 50 mg-P·L
-1, 
200 mg-N·L-1 
 
100 mg-P·L-1, 
400 mg-N·L-1 
 
250 mg-P·L-1, 
1000 mg-N·L-1 
 NH4
+ PO4
3- 
 
NH4
+ PO4
3- 
 
NH4
+ PO4
3- 
Pseudo-first order-         
qe (mg g
-1) 2.42 1.45  7.40 4.22  11.5 9.36 
K1 (min
-1) 0.0293 7.35×10-3  0.0466 0.0491  0.0898 0.0935 
R2 0.996 0.987  0.982 0.987  1.00 0.971 
ARED* 1.64 4.68  4.49 3.66  0.304 3.89 
SSE** 0.0157 2.98×10-3  0.764 0.164  0.0144 1.89 
MPSED*** 5.11 2.23  35.7 16.6  4.91 56.1 
Pseudo-second order         
qe (mg g
-1) 2.65 1.40  7.42 4.52  11.7 9.35 
K2 (g mg
-1 min-1) 0.0201 8.81×10-3  0.0223 0.0251  0.0381 0.0641 
R2 0.971 0.670  0.983 0.993  0.999 0.991 
ARED 8.04 12.9  12.5 5.23  3.17 7.07 
SSE 0.191 0.0374  5.34 0.420  2.93 4.85 
MPSED 17.9 7.90  94.3 26.4  69.8 89.9 
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Table 2-2. Isothermal parameters of ammonium and phosphate simultaneous adsorption by 
zeolite, chitosan, zeolite-chitosan, chitosan-FeCl3 and ZCFe calculated from 
Langmuir model. 
 
 
n (L·mg-1) qmax (mg·g
-1) R2 
PO4
3-    
Zeolite 3.80×10-3 2.50 0.847 
Chitosan 0.0371 0.274 0.904 
Chitosan-zeolite 0.0212 1.42 0.839 
Chitosan-FeCl3 9.97×10
-3 7.51 0.973 
ZCFe 5.22×10-3 7.74 0.935 
NH4
+    
Zeolite 4.60×10-3 8.48 0.925 
Chitosan 0.0142 1.13 0.962 
Chitosan-zeolite 2.98×10-3 13.1 0.930 
Chitosan-FeCl3 6.57×10
-4 15.6 0.977 
ZCFe 1.34×10-3 25.1 0.874 
 
48 
 
 
 
 
Table 2-3. Comparison of the N and P adsorption ability between ZCFe and other adsorbents.  
 
Adsorbent composition 
N adsorption 
amount (mg-N·g-1) 
P adsorption 
amount (mg-P·g-1) 
reference 
NaOH-activated and La-
impregnated zeolite (NLZ) 
19.6 7.45 (He et al., 2016) 
MgCl2 modified zeolite 3.65 1.38 (Li et al., 2017) 
HAlO modified natural 
zeolite 
33.0 30 (Guaya et al., 2015) 
Mesoporous MgO-loaded 
diatomite 
77.1 161 (Xia et al., 2016) 
Amphoteric straw cellulose 68.4 38.6 (Wang et al., 2016) 
Fe(III) modified natural 
zeolite 
3.40 27 (Guaya et al., 2016) 
ZCFe 25.1 7.74 This study 
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Table 2-4. Recyclability test: nutrient desorption and adsorption amount in 2 cycles.  
 
process 
Adsorption amount 
(mg g-1) 
 Desorption rate 
(%) 
NH4
+ PO4
3-  NH4
+ PO4
3- 
1st adsorption 10.403 3.347    
Desorption    35.30 83.57 
2nd adsorption 4.516 4.963    
 
Adsorption experiment: 1.0 g ZCFe, 100 mL solution, NH4
+ and PO4
3- concentration: 1000 
mg-N·L-1, 250 mg-P·L-1, shaking speed: 140 rpm, shaking time: 1h, temperature: 25 ℃. 
Desorption experiment: 0.025 mol·L-1 HCl, 50 mL Solution. 
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Figure 2-1. SEM images zeolite and ZCFe. 
A: SEM image of zeolite with 2,000 times enlarged 
B: SEM image of zeolite with 20,000 times enlarged 
C: SEM image of ZCFe with 30 times enlarged 
D: SEM image of ZCFe with 2,000 times enlarged 
A 
zeolite 
C D 
B 
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 1  
Figure 2-2. Adsorption kinetic curves of ZCFe for (a) NH4
+ and (b) PO4
3-
. 
Adsorption experiment: 0.4 g ZCFe, 40 mL solution, shaking speed: 140 rpm, 
temperature: 25 ℃, pH = 7 
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Figure 2-3. Adsorption isotherms of (a) NH4
+ and (b) PO4
3- by different adsorbents. 
Adsorption experiment: 0.4 g ZCFe, 40 mL solution, NH4
+ and PO4
3- 
concentration: 100-1200 mg-N·L-1, 25-300 mg-P·L-1, shaking speed: 140 rpm, 
shaking time: 4 h, temperature: 25 ℃, pH = 7. 
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Figure 2-4. pH influence on PO4
3- and NH4
+ adsorption by ZCFe adsorbent. 
Adsorption experiment: 0.4 g ZCFe, 40 mL solution, NH4
+ and PO4
3- 
concentration: 1000 mg-N·L-1, 250 mg-P·L-1, shaking speed: 140 rpm, shaking 
time: 4 h, temperature: 25 ℃. 
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Chapter 3 Effect of the cobalt hexacyanoferrate vacancy ratio on its 
adsorption efficiency for NH4+ or Cs+ 
 
3.1 Introduction 
Cs+ contamination is a serious problem since the exploration accident happened at 
Daiichi Atomic Electricity Plant in Fukushima, Japan, due to the earthquake disaster on 
March 11th. 137Cs and 135Cs, as the main product in the atomic reaction, is an important 
radioactive waste found to have a high concentration in seawater close to the exploration sites, 
threatening the surviving of regional human’s life. The key point of treating Cs in the 
environment is to enrich it to a smaller volume of solution. 
On the other hand, high concentration of ammonia is very hazardous to environment, 
leading to problems such as eutrophication. Another problem related to NH4 is odor problem 
on the environment, such as the surroundings of livestock farms. One of the difficult points in 
the common biology treatment of NH4
+ is the low efficiency caused by the inhibition of 
ammonia to microorganism.  
Considering the problems brought up above, it might be a good idea to treat the two 
contaminants using adsorption method in a higher efficiency and safer disposable way. The 
adsorbents for radioactive Cs+ require high selectivity and adsorption capacity of the material 
due to the Prussian Blue analogues (PBA) is a kind of porous coordination polymer, are well 
known for its excellent capacity for one-valent cation adsorption, such as Cs+ and NH4
+. 
Metal hexacyanoferrate (MHCF) compounds commonly known as the Prussian Blue 
analogs (PBA) are a group of materials with the chemical composition of AyM[Fe(CN)6]1-
x·zH2O, in which A represents cations such as Na
+ and K+, while M represents the transition 
metals like Fe, Co, Ni, Cu, and Zn (de Tacconi et al., 2003). PBA are widely studied for wide 
applications among which Cs decontamination is a much-discussed topic (Lalhmunsiama et 
al., 2014; Naeimi and Faghihian, 2017; Parajuli et al., 2016d, 2016a). High Cs+ selectivity is 
widely reported (Fujita et al., 2014; Kim et al., 2017; Parajuli et al., 2016a). As the hydrated 
ionic radii of Cs+ (3.29 Å) and NH4
+ (3.31 Å) are fairly close, PBA is considered to hold high 
potential for recovering the dissolved ammonia (Nightingale, 1959). In addition, as the 
concentration of Cs in the environmental waters is comparatively negligible (Bolter et al., 
1964; Négrel et al., 2018), the absolute selectivity of PBA for this ion may not hinder the 
application for NH4
+ uptake. As expected, in recent years the separation or decontamination 
related studies of PBA are expanding to other environmental causes like for the adsorption of 
dissolved or gaseous ammonia (Hao et al., 2017; Takahashi et al., 2016b) . NH4
+ removal and 
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recovery usually faced the selectivity problem for the reason that the application area often 
contains chemical fertilizer or biomass matrices, making selectivity an extremely important 
factor when choosing the adsorbent (Zhu et al., 2012). In our recent work, copper 
hexacyanoferrate (CuHCF) was firstly studied to uptake dissolved NH4
+
 and NH3 
simultaneously with selectivity for ammonium in the presence of high concentration K+ 
(Parajuli et al., 2016b). Proportional release of K+ with the adsorption of the corresponding 
amount of NH4
+ has confirmed the ion exchange as the driving process. In contrary, the 
reason behind the unique Cs+ selectivity of PBA is still ambiguous. 
On the high Cs+ selectivity of PBA, the mechanisms have been carefully discussed 
(Ayrault et al., 1998). Some studies suggest that the high selectivity of PBA for Cs+ is mostly 
attributed to the fitting of the ion into the lattice (Liu et al., 2018). Also, it is reported that the 
higher Cs+ selectivity was related with the crystal structure transformation when H+ and Cs+ 
coexist in the solution (Celestian et al., 2008). For instance, Ishizaki et al. concluded that high 
Cs+ selectivity is related with the hydrophilic lattice defect sites and the adsorption of Cs+ lead 
to proton loss from the coordinated water (Ishizaki et al., 2013). However, there is a lack of 
proper correlation between the proposed mechanisms. As the lattice size and the interstitial 
environment may change with the type of PBA and the composition, there is the possibility of 
change on the Cs+ selectivity. This aspect is seldom discussed to the date. 
It is obvious that with the switch in the metal in the ligand, the coordinating metal, and 
the monovalent ion, the crystal parameter vary. Moritomo et al. has reported the change from 
basic cubic to rhombohedral when the cation in CoHCF is switched from Na+ to K+ (Matsuda 
et al., 2010). In another work, elimination of Na from NaCoHCF has caused rhombohedral-
cubic distortion (Moritomo et al., 2009). It is also true that with the control in the coordinating 
metal to the HCF ratio, the vacancy ratio can be varied to some extent (Kumar et al., 2007). 
Based on this concept, highly crystalline low vacancy CoHCF and some other PBA are 
synthesized (Aguilà et al., 2016; Chen et al., 2016; Wu et al., 2016). By experimenting with 
the vacancy, type of metal in the hexacyano-ligand, and the coordinating metal, additional 
facts on the PBA properties are revealed (Li et al., 2015; Lin et al., 2016; Liu et al., 2018). For 
example, it is reported that the removal or existence of interstitial water plays an essential role 
in the structure of PBA (Song et al., 2015). These studies showed alkaline cations (A), 
transition metal (M) and H2O have an effect on determining the structure and stability of the 
material (Ohmagari et al., 2016; Szkoda et al., 2017; Tojo et al., 2016). 
From all the facts and suggestions reported to the date, it has been realized that the 
absolute Cs+ selectivity of PBA is still not explained well. If the adsorption of NH4
+ can be a 
simple ion exchange process, why there are multiple suggestions on the Cs+ adsorption 
mechanism? As an attempt to clarify this ambiguity, a study focusing on the role of the 
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vacancy on the Cs+ adsorption pattern of NaCoHCF was carried out. As the adsorption of 
NH4
+ has already explained, it was simultaneously studied for comparison of the observations 
and the facts. The present study reports the synthesis of widest possible vacancy ranged 
NaCoHCF, the variation in the crystal properties, and how the composition and the lattice 
parameters are correlated with the adsorption behaviors.    
3.2 Materials and methods 
3.2.1 Synthesis of NaCoHCF of various compositions 
A series of NaCoHCF with a range of vacancy was prepared in flow using a micro-
mixing system (Figure 3-1).  For this, aqueous solutions of analytical grade Na4[Fe 
(CN)6]·10H2O and CoCl2·6H2O were prepared in pure water and pumped at the rate of 20 
ml·min-1 (Jiang et al., 2018a). The reactants were passed through the micromixer of 0.15 mm 
internal diameter to obtain a homogeneous slurry of NaCoHCF, according to Equation 3-1. 
          (3-1) 
In order to vary the composition of NaCoHCF, the molar ratios of the reactants were 
controlled accordingly so that the material with perfect lattice to the highest possible vacancy 
could be synthesized. The range of the molar concentration ratio of the metal, CoCl2, to the 
ligand, Na4[Fe(CN)6], was set as 0.4 to 2.5. Detail of the concentration and the mixing volume 
is given in Table 3-1. The obtained NaCoHCF slurries were centrifuged at a speed of 16000 
rpm and the residue was washed three times with pure water. The products were dried in 
vacuum for at least 72 h and ground to get the NaCoHCF powder of various compositions. 
3.2.2 Instrumentation  
The concentration of Co, Fe, and Na in the NaCoHCF was analyzed by standard addition 
method using the Agilent Technologies model 4100 MP-AES, Agilent Technologies Inc. 
Rigaku Corp. model TG 8120 Thermo Plus EvoII was used for knowing the 
thermogravimetric properties. Water release and thermal decomposition pattern were revealed 
using Q1050 (GCMS-JOEL) coupled with Q600 (TG-DSC TA). Bruker AXS Inc D8 
ADVANCE was used for taking the powder XRD patterns of NaCoHCF. Thermo Fisher 
model Nicolet iS5 in ATR mode was used for taking the FT-IR pattern. AZ-ONE SI-300C 
shaking incubator was used for mixing the solution and NaCoHCF during the adsorption 
experiment. Perkin Elmer model NEXION 300D ICP-MS was used for analyzing the 
concentration of various ions in the solution before and after adsorption. Ion Chromatogram, 
883 Basic IC plus by Metrohm was used for the analysis of NH4
+ and Na+ in the solution. 
3.2.3 Material composition and the thermogravimetric properties 
The actual composition of the metal and the ligand in the products were evaluated by the 
complete dissolution of the materials using PerkinElmer Multiwave 3000 microwave 
decomposition system followed by the analysis of Na, Fe, and Co. The water content was 
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estimated form the TG-DTA profiles. The water release pattern was analyzed from the TG-
MS data. The lattice parameters and the primary particle size were evaluated form the Powley 
analysis of the powder XRD patterns. In addition, the Attribution of chemical groups in 
NaCoHCF was decided using an FT-IR. High-temperature XRD measurement was carried out 
under the N2-atmosphere for understanding the thermal stability and the possible phase switch 
in the presence or absence of water molecule in the lattice. For this, 50 mg of NaCoHCF was 
put on a polytetrafluoroethylene sample plate and it was inserted into a sealed N2 chamber 
connected to the vacuum pump. Once the required vacuum is achieved the cell was filled with 
N2 and was heated gradually to the required temperature. 
3.2.4 Adsorption experiment 
Adsorption performance of NaCoHCF for NH4
+, K+, and Cs+ was studied taking the 
solutions of respective analytical grade chloride salts.  Each adsorption experiment was 
carried out at least in the set of 3 replicates. In general, 10 mL of the solution was dosed into a 
centrifuge tube containing 10 mg of the NaCoHCF. The mixture was shaken for 22 h in the 
shaker at 30 ℃ and 600 rpm. For the separation, the mixture was first centrifugated and the 
supernatant was filtrated through the 0.45 µm membrane filter. The concentration of the 
respective ions before and after adsorption was measured by ICP-MS. Also, the 
concentrations of Na, Co, and Fe released from the materials during the adsorption were 
similarly analyzed. The concentrations of Na+, K+ and NH4
+ were measured using IC. 
For knowing the variation in the adsorption capacity with the number of vacancy in the 
material, 10 mL of 5 mmol/L CsCl, 10 mmol·L-1 KCl, or 10 mmol·L-1 NH4Cl solutions in 
pure water were mixed with 10 mg of NaCoHCF with x = 0.014 to 0.469. The adsorption 
kinetics and the isotherm were studied for only one representing material, x = 0.191. For the 
adsorption kinetics, 100 mg of the material was mixed with 100 mL of 5 mmol·L-1 CsCl or 10 
mmol·L-1 NH4Cl solutions. 0.1 mL of the solution was sampled from 1 min to 36 h, diluted to 
10 mL and filtered. The adsorption isotherm was carried out by mixing 10 mL each of 0.25 to 
5 mmol·L-1 CsCl or 1 to 10 mmol·L-1 NH4Cl solutions with 10 mg of the adsorbent. The 
amount of adsorption was estimated by analyzing the concentration of the given ion in the 
solution before and after adsorption. 
3.3 Results and discussion 
3.3.1 Composition of NaCoHCF 
The actual composition of the series of NaCoHCF prepared with the ligand to the metal 
mixing ratio of 0.4 to 2.5 are summarized in Table 3-2. The vacancy, x, is the value calculated 
from the actual number of ligand, HCF, per mole of Co. Here, it becomes clear that for 
NaCoHCF the maximum possible ‘x’ is 0.47 and the perfectly packed crystal was difficult to 
obtain. Yet, a range with as wide as 0.014 to 0.47 vacancy is first ever to report. Also, the ‘y’ 
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is found to be increasing in proportion with the decrease in the vacancy, or in other words, the 
increase in the number of ligand (1-x), Figure 3-2. However, an opposite trend was observed 
for ‘z’, the number of water molecules. The relationship between x, y, and z, as shown in 
Figure 3-2, for all but x = 0.47 is found to be ‘y = 2.0 - 3.8x’ and ‘z = 3.6x + 2.7’. The result 
proved that the number of Na decreased with increasing vacancy ratio, satisfying with charge 
balance of NayCo[Fe(CN)6]1-x.  
The number of the water molecule is, although not completely in one order, is tentatively 
increasing with the vacancy. The reason is the placement in the vacancy sites as well. 
Depending upon the placement position, the state of water may vary. For example, some 
water might be present as H2O - Na
+ pair (Asai et al., 2018b) or the existence of OH in the 
Prussian blue framework is already explained (Grandjean et al., 2016). In general, three states 
of water can be considered in the NaCoHCF crystal, Figure 3-2 (b). The one existing freely in 
the interstitial site, the H2O - Na
+ pair, and the water coordinated with Co in the lattice. 
However, the relationship between x, y, z in NaCoHCF is different from that observed in 
CuHCF (Takahashi et al., 2018). The main reason for this deviation can be Co, as it can be 
stable in both five and six coordinated states, the existence of fewer water molecules can be 
due to the presence of five coordinated Co (Sato et al., 2003). 
3.3.2 Monovalent cation adsorption behavior of NaCoHCF  
It is well known that the PBA possess unique Cs+ selectivity. In addition, adsorption of 
other monovalent cations is also reported. For this reason, all the NaCoHCF of discussion 
were tested for their adsorption preferences for NH4
+, K+, and Cs+.  As observed in Figure 3-3, 
the materials show different trends. For NH4
+, the adsorption is high at low vacancy, or high 
Na+ concentration (Figure 3-2), signifying the ion exchange as the main mechanism. However, 
this trend is nearly opposite for Cs+. Where the number of vacancies is low, the amount of Cs+ 
adsorbed is very low, although there are plenty of Na+ for exchange. This means the major 
driving force for the inclusion of Cs+ onto PBA is not the ion exchange with the monovalent 
cation present in the material for the charge balance. Different from both these cases, K+ 
adsorption is in the middle, not as high at the low vacancy zone but the decreasing trend at 
higher vacancy is similar to that of NH4
+.  
This outcome is interesting for multiple reasons. First, as all the adsorbates are the 
monovalent cations with the closer ionic radii, in general, a similar adsorption trend is 
expected, which was not observed. For ion-exchange with ‘Na’ in the material, the adsorption 
trend should be in the increasing order with the decrease in the vacancy, x, Table 3-2. If the 
space in the lattice is important for the ease of ion-exchange, the adsorption should increase 
with the vacancy, which is mostly true with the Cs+. So, from these two conditions, the result 
for K+ lies in between, suggesting that it was mostly adsorbed by the same mechanism as the 
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fellow alkali metal ion, but in the absence of enough vacancy, the ion can get adsorbed more 
easily leading to the higher amount of adsorption. In both kinds of patterns, some deviation is 
observed at both the high and low vacancy ends. This can be due to the stability issue of the 
material. For the lower vacancy materials or the higher Fe/Co (x < 0.19), the ligand (Fe of 
HCF) was released after shaking in water for 22 h. This means upon further washing, the 
Fe/Co ratio tended to reach about 0.8 (x = 0.19), a ratio that can be considered the most stable. 
However, when the powder is stirred in the solution of any of the cations studied, not only the 
ligand but also the release of some Co was observed, Figure 3-4. We can see from Figure 3-4 
that the samples were stable when vacancy ratio was higher than 0.19. More condenses lattice 
lead to the instability of CoHCF structure and the elution of Fe, Co can be detected. 
Compared with dipping CoHCF in deionized water, solutes of NH4
+, Cs+ and K+ caused more 
severe elution of Fe and Co, indicating that the inclusion of cations further make the CoHCF 
structure unstable. The change is more significant for K+ compared to that of Cs+. Also, the 
difference in the adsorption capacity might be attributed to the involved mechanism. However, 
the amount of Na+ released was more than the amount adsorbed when the vacancy was < 0.19 
and was lower for the x > 0.19. Yet, the amount of Na+ released was different for NH4
+ and 
Cs+, which was due to the difference in the respective amount adsorbed. Overall, for Cs+, the 
amount adsorbed seems to be controlled by the available space, which is decisive on the ease 
of inclusion into the lattice site. This variation can be correlated to the hydrated ionic radii of 
these ions: NH4
+ < K+ < Cs+. (Conway, 1981; Nightingale, 1959) This variation will be 
correlated to the lattice environment in the later section. 
3.3.3 Kinetics and the isotherm of the adsorption of NH4+ and Cs+ onto NaCoHCF 
As listed in Table 3-2, the material with least vacancy has the highest number of Na+ and 
the one with the highest vacancy has the least of it. Considering the ion exchange with Na+ as 
the main driving mechanism, the one with the highest number of Na should offer the highest 
capacity and hence the faster decrease of the adsorbate in the solution. However, as the least 
vacancy composition was found to be less stable in water, the most stable one, x = 0.19, and x 
= 0.47 were compared for the adsorption of the two ions showing a nearly opposite trend, Cs+ 
and NH4
+. 
Adsorption of both the ions onto NaCoHCF was found to follow the pseudo-second-
order law, Equation 3-2 (Parajuli et al., 2009), a kinetic model that is commonly observed in 
the solid-liquid system. 
                                                                   (3-2) 
where t is the mixing time, qt is the amount adsorbed at the given time, qe is the amount 
adsorbed at the equilibrium, and k2 is the pseudo-second-order rate constant. Figure 3-5. As 
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per this law, lower the slop, faster is the adsorption and higher is the amount adsorbed. 
Therefore, the adsorption of NH4
+ onto the relatively lower x is faster owing to the faster 
exchange with the Na+. Or in other words, NH4
+ replaces Na+ in the interstitial site more 
smoothly than the Cs+. From this result, an interesting fact is revealed: the adsorption capacity 
is correlated with the rate. The reason behind this can be the form of the ion that is adsorbed: 
i.e., hydrated, partly hydrated or dehydrated.  
The rate of adsorption of Cs+ and NH4
+ onto x = 0.19 material is found to be 
significantly different. Therefore, the material was further studied for the adsorption capacity. 
Both the materials are found to follow the Langmuir isotherm model. From the slope of the 
plot of the linearized equation (Equation 3-3) (Parajuli et al., 2009), 
                                                      (3-3) 
where Ce is the residual concentration in the solution at equilibrium time, qe is the 
amount adsorbed at the equilibrium time, qmax is the maximum adsorption capacity of the 
material, and kL is the Langmuir constant. Figure 3-6, the maximum adsorption capacity of x 
= 0.19 NaCoHCF for NH4
+ is calculated as 85.68 mg-N·g-1 (4.76 mmol·g-1) and that for Cs+ is 
137.0 mg-Cs g-1 (1.03 mmol·g-1). This more than fourfold capacity for NH4
+ is interesting as 
the ionic sizes of these ions are not vastly different. In this sense, the role of the water 
molecule already in the material, their forms, or the crystal structure should be taken into 
consideration. 
3.3.4 Thermogravimetric properties of NaCoHCF 
For understanding the water in the material, the TG profiles of NaCoHCF were analyzed. 
The profiles were found to be of basically four patterns as observed in Figure 3-7 (a). Those 
with x > 0.37 release the water at once at the temperature below 150 ºC. When the vacancy is 
decreased to 0.37 but is > 0.3, the process becomes slower with a small fall at around 250 ºC. 
For x < 0.3 > 0.1, there is one more pattern with the even slower release of water and a 
significant fall at < 250 ºC. The fourth pattern, x < 0.1, shows a slow and steady water release 
profile all the way until about 350 ºC. This many variations in the TG profile of any material 
of same basic structure certainly signify the direct influence of the vacancy and/or the number 
of Na+ in water retention and the thermal stability of the material.  
To be clear of the first phase of weight drop in the TG corresponds to the water loss, the 
TG-MS of four representing samples from each of the four patterns was carried out.  TG 
profiles of NaCoHCF of x = 0.014, 0.19, 0.31, and 0.47 were taken once again in the He 
atmosphere from room temperature to 800 ºC.  The TG profiles together with the MS peaks 
for water are given in Figure 3-7 (b). It is distinct that the water in the material with a large 
vacancy is released smoothly with the increase in temperature. However, for the other three 
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samples, there are multiple peaks, suggesting the existence of waters of different forms that 
required different energy for releasing from the crystal. There are one wide and one sharp but 
narrow peaks for x = 0.19 and 0.31. But, the material with least vacancy, or say the material 
with nearly fully occupied lattice released water in three steps, the last peak being at around 
280 ºC.  The corresponding TG-DSC and MS profiles are in Figure 3-8.  
From the TG-MS profiles, it becomes clear that the water loss from NaCoHCF depends 
upon the composition and it can continue until as high as 400 ºC if the number of vacancies is 
very low. In addition, the material with least vacancy is expected to be thermally more stable. 
One of the reasons can be the presence of the lattice water until the decomposition 
temperature is reached. To be clear about the nature of the water molecules in these materials, 
the FT-IR spectra, Figure 3-9, were analyzed. Besides the basic HCF peaks, the most 
noteworthy in the present context are those related to the H-O bond. The strong and narrow 
peak at around 1610 cm-1 belongs to deformation mode of H2O and the broad peaks near 3400 
cm-1 are for H-O-H stretching vibrations (Ayrault et al., 1998). It should be noted that the 
shape of the wide 3400 cm-1 peaks significantly changed with the number of vacancies, with 
two identical peaks gradually appearing and becoming very obvious when x reached < 0.3. It 
has been reported that this broad peak reflects the diversity of the H2O environment, 
especially when there are hydrogen bond acceptors or donors around the H2O molecules 
(Bouteiller et al., 2011). The basic broad peak is assigned to the freely floating interstitial H2O. 
At x > 0.3, H2O molecules, those which are freely existing in the interstitial sites and the ones 
which are coordinated with Co, can randomly interact with each other with a larger vacancy 
ratio, causing a broad band of O-H absorbance.  The appearance of the sharp peaks at around 
3540 cm-1 and 3610 cm-1 indicated the change of H2O molecule environment in NaCoHCF. 
With the decrease in the vacancy, the number of Na has increased and hence the position of 
interstitial H2O is gradually fixed due to the less available space among the Fe-C-N-Co frame. 
It can be assumed that the 3540 cm-1 and 3610 cm-1 belong to the one present as the water of 
hydration of Na+ and the water coordinated with the Co2+ in the framework, respectively. It 
can be found that the peaks at higher wavenumber became sharper when the vacancy is 
decreased, indicating the constancy of H2O environment (Table 3-3). 
If the states of water changes from freely floating in the large vacancy material which 
gradually changes to restricted by some sort of bonding with the decrease in the vacancy, it 
can be considered that even a small difference in the ionic size may lead to an obvious 
difference. This can be the reason for the vast difference observed in the amount and the rate 
of adsorption of NH4
+ and Cs+ with respect to the vacancy. Besides this postulation, the ease 
of inclusion of any ion can be correlated with the crystal structure. 
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3.3.5 Vacancy ratio and the crystal structure  
The powder XRD profiles of all nine compositions of NaCoHCF are given in Figure 3-
10. In general, the profiles are found to be matching with those of the PBA (Ayrault et al., 
1998; Fujita et al., 2014; Matsuda et al., 2010; Naeimi and Faghihian, 2017; Takahashi et al., 
2016b; Wang et al., 2018). However, as the number of Na and water varied with vacancy, the 
impact of this change in the lattice environment has become obvious. With the decrease in the 
vacancy from 0.47 to 0.014, the single peaks at 23 and 38° gradually became wider, which 
could be actually the splitting into two peaks corresponding to the (2 0) and (220). At this 
point it should be noted that the primary particle sizes of these products are close enough, 14-
21 nm (Table 3-4), to associate the peak widening with the smaller size. This change in the 
peak pattern indicates a crystal structure transformation. The pattern for x > 0.3 was 
confirmed to be closer to the Fm m space group, a typical form of the Prussian blue analogs. 
However, the lower vacancies are found to be rather rhombohedral (R C). The obtained 
lattice parameters are summarized in Table 3-4. This result shows some deviation from the 
previous work (Matsuda et al., 2010). This distortion of the structure from Fm m to R C is 
expected to be due to the inclusion of three different kinds of water molecules in the lattice, 
free water, Co-coordinated water, and the hydrated Na+, as mentioned in the previous section. 
For the better understanding of these gradual widening of the major peaks despite having 
the closer primary particle sizes, the possible correlation of the state of water was studied 
taking in-situ heating XRD of the four representing samples at 285 ºC. As the sample holder 
was placed in a closed chamber dosed with N2, the system is expected to be free of air and 
external moisture. Except for x = 0.47, all three, x = 0.014, 0.19, and 0.31 showed a peak shift 
that is closer to the Fm m space group. After running multiple scans (about 30 min per scan) 
at 285 ºC and the profile was taken once again after cooling down to the room temperature. 
Although the intensity was decreased owing to the loss due to degradation, the original peaks, 
especially that of x = 0.014 were reappeared (Figure 3-11). This regeneration is expected to be 
due to the placement of the released water confirming that the change in the space group was 
mostly due to the slow releasing water, which can be the H2O - Na
+ pair in the lattice.  
3.3.6 Structure after the adsorption 
The difference in the inclusion of lighter and heavier ions in the interstitial site is 
observed clearly in the PXRD profiles, Figure 3-12 (a). A sharp decrease in the intensity of 
200 planes after the adsorption of Cs+ and opposite of this, observing the more refined peaks 
after the inclusion of NH4
+ replacing the Na+ verifies the impact of the ionic density. Yet, 
besides the difference in the original PXRD profiles, the observation is similar in the materials 
with different compositions. In addition, significant right shift observed after the adsorption of 
NH4
+ is due to the returning of the space group form R C to Fm m, which can be correlated 
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with the loss of the comparatively larger amount of Na+. This observation is strongly 
supported by the FT-IR profiles. A noteworthy difference is the disappearance of double O-H 
peaks in the 3550 cm−1 region after the adsorption of NH4
+, which remained nearly unchanged 
for Cs+ adsorbed x = 0.19. As already mentioned, both the materials in the current discussion 
adsorb larger amount of NH4
+ than Cs+. Therefore obviously the number of replaced Na+ is 
lower for Cs+. As the twin peaks in the 3550 cm−1 range is assumed to be those of H2O - Na
+ 
pair, this disappearance can be attributed to the displacement of this form of water along with 
the Na+. Or in other words, it can be assumed that the Na+ in the interstitial site is still 
hydrated at least as H2O - Na
+ pair. However, the ions in the current discussion lose water of 
hydration when get adsorbed. The ease of losing this water of hydration might be the rate 
determining factor which ultimately decides the ease of adsorption.   
3.3.7 Interpretation of the correlation between the ion-specific adsorption and the 
vacancy 
As observed in Figure 3-2 (a), the number of Na+ in the interstitial site increase with the 
decrease in the vacancy. However, as shown in Figure 3-3, the trend of adsorption of 
monovalent cations is variable. It has already explained that although the ionic radii of NH4
+, 
K+, and Cs+ are not vastly different, their dehydrated size plays the role as they are found to 
lose the water of hydration during adsorption (Asai et al., 2018b; Takahashi et al., 2018). 
Larger Cs+ could not exchange with Na+ in the low vacancy region. In contrary, the amount of 
NH4
+ adsorbed is much higher. Yet, when x < 0.19, a plateau is observed for NH4
+ as well, 
though the amount is still much higher than the Cs+.  Also, in the adsorption isotherm study, 
the number of Na+ replaced by the adsorption of both of these ions is found to be proportional 
to the amount adsorbed. So, bringing these three ions in one figure, it could be seen that at 
higher vacancy, the amount of Cs+ adsorbed is comparatively higher reaching the amount of 
available Na+, Figure 3-13. NH4
+ however, could proportionally replace Na+ until the vacancy 
is decreased to 0.19. As explained in the previous work (Takahashi et al., 2018), larger ions 
like Cs+ could use the inner available spaces in the adsorbent material by percolation via the 
vacancies (PVV). Therefore, when the lattice becomes more compact, the percolation process 
becomes slower. This process can be considered applicable to the smaller ions like NH4
+ as 
well, yet the required vacancy for exchange with the Na+ in the interstitial site is 
comparatively much lower.  
3.4 Summary 
Concerning the choosing of suitable adsorbent for NH4
+ and Cs+ decontamination, 
NaCoHCF with the vacancy range of 0.014 to 0.47 were successfully synthesized and 
characterized for the role of composition on the adsorption of small and large ions. Cs+ and 
NH4
+ can be adsorbed with NaCoHCF adsorbent with different adsorption amount at varied 
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composition. It was found that for low vacancy ratio NaCoHCF, high Na content will lead to 
high NH4
+ adsorption amount. On the contrary, the higher vacancy ratio NaCoHCF means 
more tunnels which will be benefit for increasing the adsorption amount of larger size ions 
such as Cs+. This provided a solution for optimizing the adsorption amount/speed of NH4
+ or 
Cs+ adsorption by varying the vacancy ratio. Besides, the study demonstrated that the 
adsorption of NH4
+ by CoHCF was much faster than adsorption of Cs+. This observation is 
correlated with the slower movement of cations due to the compact lattice. A standard Fm m 
structure at higher vacancy, x, the range was identified through the PXRD analysis, which 
gradually distorted to rhombohedral (R when x reached < 0.19. In conclusion, the study 
related the adsorption capacity or the ion exchange capacity with vacancy number and ease of 
cation movement. The study is beneficial for the treatment of radioactive or nutrient 
wastewater using high efficiency CoHCF adsorbent with a high/low vacancy ratio. 
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Table 3-1. Concentration ratio of the reactants used for the preparation of various 
composition NaCoHCF. 
 
Rmix 
Na4[Fe(CN)6]  CoCl2 
Volume 
(mL) 
Concentration 
(mmol·L-1) 
 
Volume (mL) 
Concentration 
(mmol·L-1)) 
0.4 200 0.1214 
 
200 0.3034 
0.5 200 0.1517 
 
200 0.3034 
0.6 200 0.0947 
 
200 0.1579 
0.7 200 0.1105 
 
200 0.1579 
0.8 200 0.1263 
 
200 0.1579 
1.0 200 0.1579 
 
200 0.1579 
1.5 200 0.2369 
 
200 0.1579 
2.0 200 0.3158 
 
200 0.1579 
2.5 200 0.3948 
 
200 0.1579 
 
Rmix: molar ratio of the ligand to the metal ion, x is the vacancy 
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Table 3-2. Compositions of NayCo[Fe(CN)6]1-x·zH2O (NaCoHCF) observed at various ligand 
to metal ratios. Here, Rmix is the. 
 
Rmix x y z Observed composition 
0.4 0.47 0.32 3.93 Na0.32Co[Fe(CN)6]0.53·3.9H2O 
0.5 0.39 0.51 3.90 Na0.51Co[Fe(CN)6]0.61·3.9H2O 
0.6 0.37 0.53 4.47 Na0.53Co[Fe(CN)6]0.63·4.5H2O 
0.7 0.31 0.84 3.64 Na0.84Co[Fe(CN)6]0.69·3.6H2O 
0.8 0.19 1.28 3.32 Na1.28Co[Fe(CN)6]0.81·3.3H2O 
1.0 0.11 1.60 3.60 Na1.60Co[Fe(CN)6]0.89·3.6H2O 
1.5 0.084 1.76 2.61 Na1.76Co[Fe(CN)6]0.92·2.6H2O 
2.0 0.059 1.82 2.73 Na1.82Co[Fe(CN)6]0.94·2.7H2O 
2.5 0.014 1.92 2.59 Na1.92Co[Fe(CN)6]0.99·2.6H2O 
 
Rmix: molar ratio of the ligand to the metal ion, x is the vacancy 
x, y, z: vacancy ratio, number of Na and water in NaCoHCF 
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Table 3-3. The peak height comparison of three FTIR peaks attributed to H2O ranging 
between 3000 cm-1 and 3700 cm-1. 
 
x 3400 cm-1 (broad) 3540 cm-1 *3610 cm-1 
0.014 0.393 no peak 0.539 
0.059 0.367 no peak 0.479 
0.084 0.307 0.238 0.374 
0.11 0.280 0.224 0.308 
0.19 0.229 0.229 0.294 
0.31 0.247 0.270 0.310 
0.37 0.250 0.273 0.310 
0.39 0.289 0.320 0.359 
0.47 0.277 0.303 0.322 
 
*peak height has been normalized with the cyanide group concentration in CoHCF(1-x). 
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Table 3-4. Lattice parameters of the NaCoHCF obtained from the Pawley fitting. 
 
Space group: Fm m 
Vacancy, x a Crystallite size (nm) 
0.47 10.3 14.5 ± 0.1 
0.39 10.3 14.5 ± 0.1 
0.37 10.3 19.5 ± 0.1 
0.31 10.3 20.8 ± 0.1 
Space group: R C 
Vacancy, x a c Crystallite size (nm) 
0.19 13.0 26.6 18.6 ± 0.2 
0.11 13.0 26.8 17.6 ± 0.2 
0.084 13.0 26.5 14.0 ± 0.1 
0.059 13.0 26.5 14.2 ± 0.1 
0.014 13.0 26.4 14.6 ± 0.4 
 
a, c: lattice constants of CoHCF particles 
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Figure 3-1. Micro-mixing system for the synthesis of varying composition CoHCF. 
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Figure 3-2. (a)The relationship between x, y, and z in NayCo[Fe(CN)6]1-x·zH2O. (b) 
NaCoHCF crystal showing the three forms of water in the lattice. Purple: Fe, 
Green: Co, Yellow: Na, Red: O. 
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Figure 3-3. Correlation between the number of vacancies and the adsorption capacity of 
NaCoHCF for NH4
+, K+, and Cs+.  
Adsorption experiments: 10 mg material with 10 ml 10 mmol·L-1 NH4Cl, KCl, or 
5 mmol·L-1 CsCl solution mixed at 30 ºC and 600 rpm for 22 h. 
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Figure 3-4. Molar amount of Co and Fe release per mole of NaCoHCF during the adsorption 
of NH4
+, K+, and Cs+ and blank test only in water.  
Adsorption experiments: 10 mg material in 10 ml solution, 30 ºC, 600 rpm, 22 h. 
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Figure 3-5. Kinetics of adsorption of Cs+ and NH4
+ onto NaCoHCF with x = 0.19 and x = 
0.47 follow the pseudo-second-order law.  
Adsorption experiments: 100 mL 5 mmol·L-1 CsCl or 10 mmol·L-1 NH4Cl in pure 
water mixed with 100 mg material at 30 ºC and 600 rpm. Sampling = 0.1 ml from 
1 min to 36 h, total 12 times. Replicate = 2. 
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Figure 3-6. Linearized Langmuir adsorption model showing the adsorption isotherm of NH4
+ 
and Cs+ onto NaCoHCF (x = 0.19). 10 mg material with 10 ml solution mixed at 
600 rpm and 30 ºC for 22 h. 
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Figure 3-7. Variation in the thermogravimetric properties of NaCoHCF with the number of 
vacancies. (a) TG: 2 ℃·min-1 heating, N2 atmosphere. (b) TG-MS showing the 
water release profiles: 10 ℃·min-1 heating, He atmosphere. 
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Figure 3-8. (a) TG-DSC and (b) mass profiles of the major components released at the 
corresponding temperature. 
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Figure 3-9. FT-IR spectra of NaCoHCF showing the different H-O-H bending peaks. 
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Figure 3-10. PXRD profile of NaCoHCF showing a gradual change in the lattice environment 
with the composition. 
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Figure 3-11. In situ powder XRD of NaCoXCF with various composition taken at 285ºC and 
N2 atmosphere. (a) x=0.47; (b) x=0.31; (c) x=0.19; (d) x=0.014. 
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Figure 3-12. Comparative (a) PXRD and (b) FT-IR profiles of x = 0.19 and x = 0.47 
NaCoHCF before and after the adsorption of Cs+ and NH4
+. 1. x = 0.47_ NH4
+; 2. 
x = 0.47_Cs+; 3. x = 0.47; 4. x = 0.19_NH4
+; 5. x = 0.19_Cs+; 6. x = 0.19. 
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Figure 3-13. The number of exchangeable Na+ and the actual amount of Cs+ and NH4
+ 
adsorbed onto NaCoHCF reflects the deciding role of a vacancy on the inclusion 
of a particular ion. 
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Chapter 4 Selective potassium adsorption from seawater and the 
electrochemical desorption/regeneration with a CoHCF modified 
electrode 
 
4.1 Introduction 
With the world’s explosive population growth, it is urgent to advance the fertilizer 
production process in order to satisfy the requirement of enough food supply (Ciceri et al., 
2017). Potassium salts (KCl, KNO3, K2SO4, etc) are important components of fertilizer, 
playing a crucial role in plant growth together with nitrogen and phosphorus nutrients (Hou et 
al., 2013; Meena et al., 2016). Nowadays, besides traditionally obtaining potassium from 
conventional mining of underground ores, new potash resources such as urine, wastewater or 
biomass leachate are attractive alternatives for countries lack in potash ores (Acevedo-
Morantes et al., 2011; Guo et al., 2008; Xu et al., 2015; Zhang et al., 2012). With the 
development of Reverse Osmosis process of seawater desalination as a solution for obtaining 
drinking water supply, some environmental problems occurred due to the drainage of large 
quantity of brine containing high salt concentration (Lattemann and Höpner, 2008; Zhou et al., 
2013). Marine systems as well as the soil of the drained area will be influenced by a sudden 
increase of salinity (Phillip and Elimelech, 2011). On the other hand, huge element resources 
are stored in seawater/seawater brine (Diallo et al., 2015). If the resources contained in 
seawater can be recovered with suitable measures ahead of time, the dispose of sea brine will 
have less environment hazards. Also, the profits obtained from the exacted products would 
certainly compensate for a part of the brine treatment cost (Loganathan et al., 2017). The 
potash storage in seawater and sea brine was reported to be 0.399 g·L-1 and 2 g·L-1 
respectively, just less than Na+, Ca2+, Mg2+, as the fourth most abundant cation resource in 
seawater (Pan et al., 2013).  
Many efforts have been tried for recovery of K+ from seawater, from the traditional 
evaporation to the precipitation and membrane separation methods (Ghara et al., 2014; Maiti 
et al., 2018; Yuan et al., 2012). The traditional evaporation method is always limited by 
environmental factors, such as climate and humidity, while a large area of land is also of 
necessity for carrying out the evaporation (Greenlee et al., 2009; C. Ye et al., 2018). In the 
precipitation process of K+ separation, suitable anions will be needed for the precipitation of 
K+ compound. Common precipitants including dipicrylamine anion (DPA-) or pentaborate 
(B10O16
2-) were used for K+ separation from seawater, but the application was still limited by 
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reagent toxicity and hardness for precipitant regeneration (Eringathodi et al., 2005; Gurbuz et 
al., 1996).  
Considering the drawbacks of other methods mentioned above, it is also feasible and 
advantageous to adsorb K+ from seawater with effective adsorbents and recover K+ by 
desorption (Ivanov et al., 2003). Unlike the urine matrices that K+ (86.5mmol·L-1) 
concentration is not much different from that of coexisting cations NH4
+ (39.7 mmol·L-1) and 
Na+ (157 mmol·L-1) (Casadellà et al., 2016), in the case of seawater however, K+ 
concentration was obviously lower compared with the most abundant Na+ element. Therefore, 
it was crucial to develop the adsorbent with a higher selectivity for K+ to efficiently recover 
K+ from seawater even with high presence of Na+. Zeolites and ocean manganese nodules 
have already been studied for K+ adsorption from seawater by several researchers (Cao et al., 
2008; Hou et al., 2012; Pan et al., 2013). Unfortunately, the above adsorbents suffered from 
the relatively low K+ capture ability or K+ selectivity at the presence of Na+.  
Metal hexacyanoferrate (MHCF), a class of coordination compounds, has a chemical 
formula of AxM[Fe(CN)6]y∙nH2O, where A is the alkaline cations of Na+ or K+, M denotes 
transition metals Co, Ni, Cu, Fe and so on(Du et al., 2016).  As a conventional pigment 
widely used since 18th centuries, application of MHCF has been extended to adsorbents for 
ammonium removal, Cs decontamination or electrochromic device (Kholoud et al., 2017; 
Parajuli et al., 2016b). From several previous studies, the K+ affinity of MHCF material has 
been proved. In our previous study, CoHCF was proved to have a good adsorption ability 
toward K+, which is less than NH4
+ adsorption amount but higher than that of Cs+ adsorption. 
For consideration of competing ions existing in seawater (Na+, Mg2+, Ca2+ etc), selective 
adsorption capacity of K+ by MHCF should be carefully explored. Concerning the recovery of 
K+ after using adsorption method, the desorption of K+ and the regeneration of adsorbent is 
also of significance. High concentration KCl/NaCl solution can be used for desorption of 
MHCF, but the large volume of desorption solution needed or the introduced ions will make it 
difficult for the post treatment and obtaining pure products (El-Bahy et al., 2018; Jiang et al., 
2018a). MHCF can be electrochemically reduced or oxidized depending on the applied 
potential together with alkaline ions Na+ or K+ being controllably adsorbed onto or released 
from MHCF, the so-called electrochemically switched ion exchange (ESIX) process (Kulesza, 
2006; Li et al., 2012). Based on this property, MHCF was applied as the electrodes of 
supercapacitors or K+ sensors (Nguyen et al., 2009; Zhao et al., 2014). Selective removal and 
recovery of cesium from seawater has already been achieved using CuHCF modified 
electrode in an electrochemical system (Chen et al., 2013). 
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In this work, a CoHCF-modified electrode was prepared and used for K+ uptake from 
seawater. K+ selectivity in the presence of Na+ was explored. K+ recovery was carried out 
with electrochemical method at a positive potential. KCl solution was used as the electrolyte 
of the electrochemical desorption process, keeping in consistence with the target product to 
avoid further separation of K+ from other cations in desorption solution. Because only a small 
volume of electrolyte was used for K+ desorption, post treatment to get KCl solid will be 
easier due to the high KCl concentration in the desorption solution. For the recycled usage of 
CoHCF-electrode as K+ adsorbent, regeneration was also carried out with electrochemical 
method at a reversed (negative) potential to desorption process. As a solution rich in Na+ 
resource, K+-free seawater was used as the regeneration solution of CoHCF-electrode. The 
adsorption amount can be kept for at least 4 cycles of the adsorption-desorption-regeneration. 
The K+ adsorption and electrochemical recovery system was proved to be effective for 
separating K+ from other components in seawater. 
4.2 Materials and methods 
4.2.1 Synthesis of MHCF (M = CoII, CuII, NiII, FeII) 
MHCF synthesis was based on the mixing of sodium hexacyanoferrate (NaHCF) and 
MCl2 (M = Co
II, CuII, NiII, FeII) solution, which can be described as the Equation 4-1: 
             (4-1) 
where x denoted the vacancy ratio, that is, the loss of [Fe(CN)6] ligand number compared 
with the situation when n(M):n(Fe(CN)6) is 1:1.  
For comparison of K+ adsorption ability of MHCF of different transition metal, CoHCF, 
CuHCF, NiHCF and FeHCF were synthesized with a batch method for powder adsorption 
tests. 20 mL of 0.4 mol·L-1 Na4[Fe(CN)6]∙10H2O solution and 0.597 mol·L-1 MCl2∙6H2O 
solution were mixed followed by hand-shaken and the MHCF formation can be observed 
immediately. The obtained MHCF was denoted as CoHCF-0.67, CuHCF-0.67, NiHCF-0.67 
and FeHCF-0.67. Then the mixture was put into a shaker under 1000 rpm, 30 ℃ for 3 min’s 
reaction. Apart from this, CoHCF was synthesized by a micromixer for electrode preparation. 
Na4[Fe(CN)6]∙10H2O (0.4 mol·L-1) and CoCl2∙6H2O (0.597 mol·L-1) solution prepared using 
pure water flowed through and mixed inside the micromixer (internal diameter: 0.15 mm) 
with a total flow rate of 20 mL·min-1. The ratio of reactant dosage amount 
n(Na4[Fe(CN)6]):n(CoCl2) was defined as Rmix. CoHCF of different Rmix were the same as 
that in chapter 3. For both batch and flow synthesis, the mixture solution containing MHCF 
product obtained after reaction was centrifugated at 12000 rpm to separate the solid product 
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from liquid. After three times of washing with deionized water, MHCF product was vacuum 
dried for 72 h.  
4.2.2 Electrode preparation 
The CoHCF film coated Indium Tin Oxide (ITO) electrode (CoHCF-ITO) was prepared 
with an applicator (Mini-coater MC20, Hohsen Corp.). For the ink preparation, 1 g of the well 
grinded CoHCF and 2.5 mL 10wt% polyvinyl alcohol solution were added into 5 mL H2O 
and kept under stirring overnight at room temperature. ITO glass (2.5 cm × 2.5 cm) was first 
cleaned with active plasma and then used for ink application. 250μL of CoHCF ink was 
carefully put at one side of ITO glass where the bar starts to applicate the ink over the 
substrate. The applicator bar will move from one side of the ITO substrate to the other to paint 
a homogenous film of CoHCF on substrate surface. The electrode with CoHCF film was dried 
under 120 ℃ for 1 h. 
4.2.3 Characterization method 
Fourier Transmittance Infrared Spectrum was taken using a Thermo Fisher model 
Nicolet iS5 in ATR mode. UV-Vis Spectrum was measured using an equipment. 
Electrochemical measurement of chronocoulometry (CC) was carried out using an 
electrochemical analyzer (CHI6115D, ALS/CH instruments). 
4.2.4 K+ adsorption from powder-form CoHCF and other adsorbents 
Batch adsorption experiments were tested to compare the K+ adsorption capacity of 
CoHCF and other MHCFs. K+ adsorption by CoHCF synthesized at different Rmix was also 
tested to know the most suitable preparation condition. The condition of containing CoHCF 
with different Rmix was the same as that mentioned in Chapter 3. Adsorption kinetics were 
studied within a time span between 0 and 24 h in synthesized seawater. The composition of 
synthesized seawater was listed in Table 4-1. Also, for comparison of K+ adsorption amount 
from seawater, adsorbents other than MHCF was utilized including zeolite (75μm, Wako 
Corp.), Amberlite IR-120(H) (Alfa Aesar Corp.), sepiolite P150 and granule sepiolite. In each 
batch adsorption experiment, 10 mg adsorbent was put in 10 mL of 10 mmol·L-1 KCl or 
synthesized seawater and shaken in the thermostat shaker (SI-300C, AS ONE Corp.) at 600 
rpm under 30 ℃ for 22 h. 
4.2.5 K+ adsorption/desorption cycle experiments from seawater 
In a typical trial, a CoHCF-electrode connected with an electricity terminal was 
suspended in the middle of a flat bottom test tube filled with 20 mL KCl solution or seawater. 
The contacting area between solution and electrode was controlled at 2.0 cm × 2.5 cm. The 
adsorption system was kept under stirring using magnetic stirrer. After adsorption, the 
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CoHCF-electrode was transferred to a quartz cell (inside size: 4cm × 4.5cm × 1cm) to carry 
out electrochemical desorption. A three-electrode system was used for electrochemical 
reaction and 10 mL diluted 0.1 mmol·L-1 KCl solution was used as electrolyte. In the three-
electrode system, the counter electrode was a Pt wire (length: 2.5 m; diameter: 0.3mm) rolled 
on a plastic square sketch and Ag/AgCl electrode (saturated KCl) was used as reference 
electrode. During the reaction, the reference electrode was covered by salt bridge conditioned 
with 0.1 mmol·L-1 NaCl solution to avoid the influence of K+ released from reference 
electrode. For K+ desorption, chronocoulometric measurement was carried out at 1.0 V for a 
period. After the desorption reaction, the desorption solution was collected and measured for 
K+ concentration using an ICP-MS. The desorbed CoHCF-electrode was dipped in 10 mL 
deionized water for 3 min to remove the surface-adsorbed K+. To change the CoHCF-
electrode back to original form (Na+-containing form), regeneration test was done through 
chronocoulometric measurement at -0.2 V for 600 s with 10 mL 10 mmol·L-1 NaCl as the 
electrolyte. After dipping in 10 mL deionized water for 3 min, the CoHCF-electrode was put 
for K+ adsorption in seawater again. The adsorption-desorption-regeneration tests were 
repeated for 4 cycles to know the reusability of the CoHCF-electrode.    
4.3 Results and discussion 
4.3.1 K+ adsorption by CoHCF powder adsorbent 
For the various CoHCF synthesized at different Rmix Figure 4-1, K
+ adsorption tests 
showed that the best adsorption amount was acquired at a range of Rmix between 0.6-0.7. 
Comparison of K+ adsorption by CoHCF, CuHCF, NiHCF and FeHCF was shown in Figure 
4-2. CoHCF has a relatively higher K+ adsorption amount compared with the Cu, Ni and Fe 
counterparts. The tendency of composition influence on K+ adsorption capacity was in 
accordance with the conclusion of Chapter 3: adsorption amount of smaller ions such as K+ by 
CoHCF has a positive relationship with of exchangeable ion number, in other word, increase 
with the Rmix value; Decrease of K
+ adsorption at Rmix larger than 0.8 was due to the 
decomposition of CoHCF adsorbent. According to the Figure 4-3, adsorption kinetic curve of 
CoHCF showed that the K+ uptake was a fast process reaching equilibrium within 20 min. 
4.3.2 Characterization of CoHCF-electrode 
The CV of the fresh CoHCF thin film was taken and shown in Figure 4-4. Redox peaks 
appear at 0.26 V / 0.67 V. UV-Vis and FTIR spectrum of CoHCF modified electrode before 
adsorption and after adsorption, desorption and regeneration was shown in Figure 4-5. When 
CoHCF adsorbent was at its original form, absorbance at 380 nm and 620 nm can be observed 
for UV-Vis spectrum. In FTIR spectrum, absorbance corresponding to CN group was found to 
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be at around 2080 cm-1. The observance is consistent with the previous findings (Kulesza et 
al., 2002).  
After the adsorbent was put into seawater for adsorption, the 620nm peak disappeared in 
UV-Vis. There is no obvious difference of cyanide group in FTIR spectrum, indicating no 
valence change of CoII/FeII only by dipping CoHCF electrode into seawater. Spectral 
difference was also reflected by the color change of CoHCF adsorbent after adsorption in 
seawater, which the color changed from light green of olive green caused by the replacement 
of Na+ by K+.  
The desorption process was carried out with a chronocoulometric method at voltage of 
1.0 V in 0.01 mol·L-1 KCl solution where the Na2Co
II[FeII(CN)6] should be oxidized to 
products with CoIII or FeIII. It can be seen from UV-Vis spectrum that the intensity of 380 nm 
peak was obviously decreased, while a small peak at higher wavelength of 420 nm occurred. 
Together with the right shift of 380 nm peak at UV-Vis spectrum, CoHCF electrode 
transformed from olive green to purple red, consistent with results reported before(Lezna et 
al., 2002). Interestingly, valence change of CoII/FeII CoHCF were more complicated from 
shifting of FTIR 2080 cm-1 peak. Accompanied by the disappearance of 2080 cm-1 peak, three 
new peaks appeared at higher wavenumber of 2125 cm-1, 2170 cm-1 and 2200 cm-1. The 
splitting of peak for cyanide group reflected that the oxidation product should be a mixture of 
CoHCF with CoIII/FeII (2125 cm-1), CoII/FeIII (2170 cm-1) and CoIII/FeIII (2200 cm-1). 
Regeneration of CoHCF electrode was fulfilled by chronocoulometric treatment at -0.2 
V in NaCl solution. UV-Vis spectrum returned to a form similar to that of fresh electrode with 
two peaks of 380 nm and 620 nm. As shown in Figure 4-5 (b), CN peak in FTIR changed 
back to 2080 cm-1, proving the regeneration of the CoHCF into the original CoII/FeII form. 
The recovery of CoII/FeII valence can also be proved by the phenomenon that CoHCF 
electrode returned to the original light green after the negative potential treatment.  
4.3.3 Cycle experiments for K+ recovery from seawater 
Figure 4-6 (a) exhibited the chronocoulometry curves for desorption and regeneration in 
four cycles. A symmetric form can be seen between desorption and regeneration with charge 
amount ranging from 0.1-0.17 C. The relatively stable charge amount in each 
desorption/regeneration process indicated the recyclability of the electrode. From Figure 4-6 
(b), K+ adsorption amount in 4 cycles also proved the stability of CoHCF-electrode which 
slightly decrease from 76.4 mg-K g-1 (1.98 mmol·g-1) to 54.6 mg-K g-1 (1.4 mmol·g-1). 
We have already known the redox reaction of MHCF is related with the inclusion/release 
of alkaline ions (Na+, K+, etc.). According to a previous study, Na0.68Co
II[FeII(CN)6]0.67 can be 
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regarded as a mixture of CoII2[Fe
II(CN)6] and Na2Co
II[FeII(CN)6]. For the three alternative 
CoHCF oxidation products, the electrochemical oxidation reaction equation can be described 
as follows: 
CoIII/FeII:                                   (4-2) 
CoII/FeIII:        (4-3) 
CoIII/FeIII:                               (4-4) 
From Equation 4-2 to Equation 4-4, it can be found K+ release from adsorbent was 
accompanying the oxidation of CoHCF, indicating the feasibility of K+ desorption with 
electrochemical method. Conversely, when a negative potential was applied to the CoHCF-
electrode, the reaction direction of Equation 4-2 to Equation 4-4 will process from right to left, 
with an adsorption of K+ under this condition. 
4.4 Summary 
K+ is a valuable resource which is rich in seawater. In this work, a system with CoHCF 
film modified ITO glass electrode combining the K+ adsorption and electrochemical K+ 
desorption/adsorbent regeneration was developed for acquiring K+ from seawater without 
using large volume desorption solution. Processing with cycle experiments including natural 
K+ uptake, electrochemical K+ desorption and adsorbent regeneration, the K+ recovery system 
with CoHCF-electrode was proved to be reusable with only a slight decrease of K+ adsorption 
amount from 76.4 mg-K g-1 (1.98 mmol·g-1) to 54.6 mg-K g-1 (1.4 mmol·g-1) in the fourth 
cycle. The change of CoHCF in formula was predicted according to the UV-Vis and FTIR 
spectrum. The coupled system demonstrated potential of K+ adsorption and recovery from 
seawater in real case considering its merits.  
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Table 4-1. Composition of the synthesized seawater used in this test. 
 
 
 
Composition Concentration (mg L-1) Composition Concentration ( mg L-1) 
MgCl2·6H2O 1328.41 KBr 33.02 
CaCl2·2H2O 418.47 H3BO3 4.72 
SrCl2·6H2O 13.97 NaF 1.64 
KCl 364.23 NaCl 9651.06 
NaHCO3 55.01 Na2SO4 662.64 
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Table 4-2. Condition of the adsorption-desorption-regeneration experiment 
 
 
 
CoHCF 
thin film 
Size 
Mass 
2.5cm × 2.5cm 
2.1 mg 
Adsorption Dip into solution 7 mL seawater 
Desorption Chronocoulometric 1.0V, 600s 7 mL 0.1 mM KCl 
Regeneration Chronocoulometric -0.2V, 600s 7 mL 0.1 mM NaCl 
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Figure 4-1. K+ adsorption by CoHCF with different Rmix.  
Adsorption experiments: 10 mg adsorbent, 10 mL 10 mmol·L-1 KCl, 600 rpm, 
30 ℃, reaction time: 22 h. 
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Figure 4-2. K+ adsorption by powder form MHCF of different transition metals.  
Adsorption experiments: 10 mg adsorbent, 10 mL 10 mmol·L-1 KCl, 600 rpm, 
30 ℃, reaction time: 22 h. 
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Figure 4-3. Adsorption kinetic curve of K+ adsorption from seawater using powder form 
CoHCF.  
Adsorption experiments: 20 mg adsorbent, 20 mL seawater, 600 rpm, 30 ℃, 
reaction time: 0-24 h. 
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Figure 4-4. Cyclic voltammetry of CoHCF film/ITO glass in 10 mmol/L NaCl solution. Scan 
rate: 5 mV/s; Scan direction: positive.
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Figure 4-5. UV-Vis (a) and FTIR (b) spectrum of CoHCF-electrode in the fresh mode, after 
adsorption, desorption (1.0 V, 600 s) and regeneration (-0.2 V, 600 s), within the 
range of 2000-2300 cm-1 corresponding to cyanide group.
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Figure 4-6. K+ adsorption amount from seawater in 4 cycles (a) and chronocoulometry 
diagram of desorption (1.0 V, 600 s) & regeneration (-0.2 V, 600 s) in 4 cycles (b). 
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Chapter 5 Conclusions and future research 
 
5.1 Conclusions 
In this dissertation, efforts were made to develop adsorbents based on zeolite or MHCF. 
The objects of the dissertation have been achieved in (1) treatment of wastewater containing 
NH4
+ and PO4
3- by removing both simultaneously; (2) interpreting the mechanism of 
monovalent cations adsorption by MHCF (CoHCF in this dissertation); (3) K+ recovery from 
seawater with adsorption by MHCF and electrochemical desorption/regeneration. 
Composited bead-like adsorbent zeolite-chitosan-FeCl3 (ZCFe) was prepared and used 
for simultaneous adsorption of NH4
+ and PO4
3- from mixture solutions. Adsorption amount of 
7.7 mg-P·g-1 (0.248 mmol·g-1) and 25.1 mg-N·g-1 (1.39 mmol·g-1) were estimated for ZCFe in 
PO4
3-
 and NH4
+ adsorption. The development of the ZCFe adsorbent is significant for the 
removal of the excess nutrients in water body and ease of eutrophication. Also, the adsorbent 
is feasible in the real application for treating high nutrients wastewater treatment and NH4
+ 
and PO43 recovery for their convenient preparation method and recycling ability.  
Besides, sodium cobalt hexacyanoferrate (NaCoHCF) adsorbents with vacancy ratio 
ranging between 0.014 to 0.47 were successfully prepared. Composition influence on 
adsorption amount was tested to search for the suitable adsorbent of each monovalent ion 
adsorbate (NH4
+, Cs+ and K+).  By adjusting the adsorbent composition, the adsorption 
amounts of NH4
+ and Cs+ can be increased, achieving their maximum adsorption capacity of 
53.12 mg-N·g-1 (2.95 mmol·g-1) and 268.32 mg-Cs·g-1 (2.02 mmol·g-1) for NH4
+ and Cs+, 
respectively. The NaCoHCF adsorbent can be used for high-efficiency removal of NH4
+ and 
Cs+, providing a possible solution for decontamination of radioactive or nutrient wastewater. 
In this study, the influence of composite composition on the crystal structure change of 
CoHCF was further researched was further researched. It was discovered three types of H2O 
existing in CoHCF lattice: free water, coordinated water and H2O - Na
+. The hypothesis was 
strengthened by TG-MS measurement and the deconvolution analysis of FT-IR spectrum. 
Adsorption of different adsorbates also has impact on the change of XRD patterns of CoHCF. 
Finally, the NaCoHCF film was prepared on ITO glass and applied in K+ adsorption 
from seawater. CoHCF powder adsorbent was found to be effective for K+ adsorption 
compared with other MHCFs at the composition of Rmix = 0.67, in accordance with results in 
Chapter 3. The adsorption amount of K+ from seawater was found to be 77.42 mg-K·g-1 (1.99 
mmol·g-1). In the four adsorption-desorption-regeneration cycles, the NaCoHCF film can be 
reused and regenerated, which is significant in the resource recovery from seawater. The 
selective K+ adsorption and electrochemical desorption method made it possible to retrieve K+ 
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from seawater without complicated separation processes. The value of K+ product also 
compensates for the treatment cost of brine. 
5.2 Future research 
Future research will be emphasized on the applications in the real systems of the 
proposed adsorbents: 
(1) The ZCFe adsorbents will be tested in the synthesized and real wastewaters containing 
high concentration of NH4
+ and PO4
3-, for example, the anaerobic digestion liquid. 
Comparison with Zeolite-FeCl3 adsorbent will be made. The mechanism of simultaneous 
NH4
+ and PO4
3- adsorption will be explored through acid-base titration and FTIR. Selectivity 
of the adsorbent will be explored with the coexistence of other cations and anions.  
(2) The CoHCF powder adsorbent will be used in the decontamination of radioactive Cs+ in 
marine water or the leachate from Cs+ polluted soil. The CoHCF adsorbent can also be used 
for efficient removal of NH4
+ from solution, for example, the river/lake/sea with 
eutrophication problems. For the large-scale application of CoHCF in real wastewater 
decontamination, the adsorbent should be made into bead/pellet/particle form for the easy 
separation and recovery after adsorption. Desorption of NH4
+ will be carried out with NaCl 
solution to know the potential usage in NH4
+ recovery of the adsorbent. 
(3) NaCoHCF film with different compositions will be prepared and used in the K+ adsorption 
from seawater. Influence of the composition on the redox peaks and desorption/regeneration 
efficiency will be characterized. Also, conditions for electrochemical experiments should be 
discussed in detail in relate with the time, potential, electrolyte variety and concentration. In 
the future, K+ adsorption from different kinds of matric will be specifically studied, including 
seawater, industrial wastewater and pharmaceutical wastewater etc. 
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Figure 5-1. Conclusions and implications of the current work 
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